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REVIEW: Transportation of commercial finished
cattle and animal welfare considerations
Sarah J. Schuetze,* Erin F. Schwandt,† Ronaldo G. Maghirang,* and Daniel U. Thomson‡1
*Department of Biological and Agricultural Engineering, College of Engineering, †Department of Animal Sciences,
and ‡Department of Clinical Sciences, College of Veterinary Medicine, Kansas State University, Manhattan 66506

ABSTRACT
The purpose of the following report was to review and
present the literature focused on the topic of current industry practices of land transport of finished cattle, primarily within the United States and Canada. This review was broken down into 5 areas: (1) microclimate, (2)
loading density, (3) duration of transport, (4) quality of
transport, and (5) animal behavior. All of these factors
play a role in animal welfare and have been shown to influence post-transport animal health and carcass quality.
Certain stressors such as loading density and duration are
more understood than others and are easier to manipulate, whereas other stressors, such as microclimate and
human factors, require more research to fully understand
the magnitude and interactions of the stressors and how
to address them. Improving the overall transport process
ensures the safety and well-being of the animal and the
quality of the carcass, providing both an ethical and economic benefit.
Key words: animal welfare, carcass quality, finished cattle, transport

INTRODUCTION
The United States’ beef industry is constantly urged to
improve in the areas of food quality, animal welfare, trade,
traceability, and product safety (Bosona and Gebresenbet,
2013). However, there are several factors that affect the
outcome of these goals, each with its own set of standards,
regulations, and industry practices. For instance, carcass
quality and animal welfare concerns are 2 primary considerations that are directly related to transportation factors.
Improvements can be made by better understanding how
these specific aspects of transporting cattle at all stages of
life, but especially finished cattle, affect cattle well-being
and profitability.
Cattle, on average, are transported 4 to 6 times during
their lifetime (González et al., 2012c). The general flow
of cattle starts with the animals being born on a cow-calf
operation, weaned, and hauled to a sale barn where they
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are sold and transported to a stocker operation, grown for
a period of time, transported to a feedlot for the finishing
phase, and then finally transported to a slaughter facility. The United States slaughtered 28.8 million cattle and
produced 10.4 billion kilograms of beef in 2015 (USDA,
2016). To achieve these numbers, approximately 934,000
loads of cattle are transported to slaughter facilities each
year, with the weight of the animals ranging from 500 to
725 kg (Fike and Spire, 2006). One study conducted in
North America evaluated the effects of long-haul transport (>400 km) on over 14,000 loads of cattle and reported that the average time the animals spent in transport
was 15.9 h, the average distance of these trips was 700 km,
and the internal trailer temperatures ranged from −42 to
45°C (Hicks, 2012).
Transportation is considered one of the most stressful events that cattle must endure during their lifetime
(Grandin, 2001; Kettlewell et al., 2005). The overall transportation process includes gathering and holding cattle
before and after loading, loading time, time spent on the
trailer (stationary and moving), waiting to unload at the
destination, and finally unloading. The effects of stress
vary according to the actual stressor as well as the magnitude and frequency of the source of stress (Marahrens et
al., 2011). The main areas of stress during transport can
be broken down into 5 primary factors: (1) microclimate,
(2) loading density, (3) duration of transport, (4) the quality of transport, and (5) the behavior of the animal and
those around it. Each of the areas can be broken down into
subcategories that can influence the animal’s performance
and many need further research to fully understand the
stress the animals endure during transport.
The 3 main aspects of animal welfare are (1) physical
functioning, (2) naturalness, and (3) subjective states,
meaning that the animals are kept healthy, allowed to
behave as naturally as possible, and exist with minimal
negative experiences (Fraser, 2008). Different procedures
are taken depending on the age and weight of the animals
when they are transported. For instance, trucks hauling
calves are more likely to use boards in cold weather to
regulate internal temperatures and are able to be loaded
in all compartments of the trailer, whereas the nose compartment is often unused when hauling finished cattle because of the height of the animals.
Transportation procedures specific to cattle age, weight,
and type tend to yield different results. Animal welfare is
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of utmost importance regardless of age, weight, or even
species of animal being hauled, but there are different
ideal outcomes for each different category of animal. For
instance, health and immunity are the primary focus when
transporting calves and feeders, whereas carcass quality is
the main objective when transporting market-weight or
finished cattle to the slaughter facility. Body weight lost
by an animal during transport, also known as shrink, can
vary due to factors influenced by the animal’s life stage,
such as differences in diets, loading densities, and location
of feeding facilities in relation to the destination. Because
of these variances, this review presents a summary of literature evaluating animal welfare, profitability, and economic factors influenced by transporting finished cattle in
the beef industry.
Previous research that evaluated cattle transport systems has contributed to improvements of animal welfare
and beef products in the United States (Swanson and
Morrow-Tesch, 2001; Fike and Spire, 2006; Cockram,
2007). The beef industry in the United States follows
what is called the 28-h law dictating the duration animals
may be transported before being offloaded and allowed
to rest. The 28-h transport law was first presented as the
transport of animals by rail in 1873 and was established
as federal regulation for the interstate transport of livestock by the USDA in 1918 (Goding and Raub, 1918).
Slight modifications were made that included civil penalties, mainly the inclusion of fines ranging from $100 to
$500 for each offense, which were put into effect in 1994
(USDA, 1994). Slow regulation changes and also the improvements made within European Union transportation
systems have brought into question animal welfare concerns within the United States and Canada. More recently, a Canadian trailer manufacturing company, HarBra,
has made advancements in trailer design by implementing
an Italian design (Pezzioli) that is a completely enclosed
trailer with ducted air, has adjustable deck height, and
is equipped with in situ feeding and watering troughs to
improve the quality of animal transportation and to meet
European Union regulations. Regardless of means, the
results of transportation should be a balance of profitability and welfare of the animal during transport (European Commission, 2001; CEC, 2005). The infiltration of
European designs shows there could be grounds for the
United States and Canada to reevaluate welfare concerns
in transport, while still maintaining economic feasibility.

Figure 1. Internal straight deck livestock trailer schematic
diagram displaying the separate compartments used to transport
cattle.

respiration, defecation, sweating, bedding, boarding, and
trailer speed. Modifications to the ventilation and airflow
properties could improve the microclimate and animal
welfare during transport.
Cattle are normally transported in either a straight
deck trailer or a potbelly trailer. A straight deck trailer
is divided into 2 or 3 parallel decks with the lowest being
straight across from the top of the fifth wheel of the truck
to rear axle of the trailer (Figure 1). A potbelly trailer is
similar to the straight deck. The lowest deck, also known
as the belly, is similar to that of the drop deck trailers with
drops right after the rear tires of the truck and before the
rear axle, thus dividing the trailer into the back, belly,
nose, deck, and doghouse complete with internal ramps for
ease of access (Figure 2). Both trailers have either slats or
punch holes running along the sides of the trailers for light
and air exchange. The natural airflow of a standard potbelly trailer is a passive ventilation system that is driven
by internal air buoyancy and pressure gradients around
the trailer. As the vehicle moves, air is split to either side
of the trailer by the front of the truck, travels past the
nose of the trailer, and reattaches to the sides of the trailer
toward the rear (Mitchell and Kettlewell, 2008; Figure 3).
This results in a zone of strong negative pressure near the
nose of the trailer and a lesser zone at the rear, meaning
that inlets and air uptake happen in the back end of the
trailer and air moves up the length of the trailer over the
backs of the animals and exits through outlets in the nose
(Ellis et al., 2010; Gilkeson et al., 2016). This effect is so
great that outlet temperature can be 16 to 20°C higher
than inlet temperature because of heat produced from the
cattle that is being carried away, with similar results with
carbon dioxide concentration (Muirhead, 1983; Kettlewell
et al., 2001b; Ellis et al., 2010). The positioning of the
gates and animals in the trailer, as well as external envi-

Microclimate
“Microclimate” is a term used to describe the internal
climate of the trailer that the animals are subjected to.
Factors that make up the microclimate are heat, humidity, carbon dioxide concentration, ammonia concentration,
other noxious fumes, and overall air quality (Randall,
1993; EFSA, 2004). All of these factors can be affected
by external ambient conditions such as wind speed and
direction in relation to the trailer, loading density, animal

Figure 2. Internal potbelly livestock trailer schematic diagram
displaying the separate compartments used to transport cattle.
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Figure 3. Aerial view of relative velocity of a small livestock
trailer moving to the left at a velocity of U = 13.41 m/s (Gilkeson
et al., 2016).

ronmental factors, can change these values, making calculations and subsequent evaluations more difficult.
The normal body temperature of an adult beef cow is
37.8°C but can range from 36.7 to 39.1°C (Merck, 2008).
Cattle regulate their body temperature by the use of evaporative cooling where heat is exchanged with the surroundings by a vapor gradient through the production of moisture (Gaughan et al., 2000). The efficacy of this process is
determined by the air temperature gradient, vapor pressure, animal surface area, posture, surrounding animals,
and orientation in relation to airflow (Curtis, 1983). The
ability of cattle to effectively use evaporative cooling is
severely hindered by the presence of high humidity, which
could lead to heat stress and potentially become fatal
(Hahn, 1999; Brown-Brandl et al., 2005a). Cattle transported at high stocking densities in warm environmental
conditions have less air space around them and may be
unable to dissipate enough heat to avoid heat stress (Jury,
2013). The temperature-humidity index (THI) has been
formulated as a way to ensure the safety of the animal
by taking these factors into consideration and creating
a value comparable to the “real feel” temperature using
the following equation: THI = (0.8 × T) + [(%RH/100)
× (T − 14.3)] + 46.4, where T is the temperature in degrees Celsius and RH is the relative humidity (Nienaber
et al., 1993; Gaughan et al., 2002). This formula is used
to create the livestock weather safety index, which is used
as a standard industry chart that distinguishes different
severity zones for THI values. These zones are defined as
safe (<75), alert (75 to 78), danger (79 to 83), and emergency (>84; Whittier, 1993; Figure 4). This formula and
subsequent chart recognize the fact that cattle are much
more tolerant to cold temperatures than to hot and humid
conditions (EFSA, 2004). Therefore, transporting cattle in
hot weather conditions needs to be more closely monitored
to ensure animal safety.
Gilkeson et al. (2016) identified the 4 major components
affecting internal airflow: (1) vehicle speed, (2) wind direction, (3) vent area, and (4) the amount of blockage of
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inlets and outlets due to animal placement. The purpose
of increasing ventilation is to provide the animals with
fresh air while removing fumes, as well as excess heat and
humidity (Kettlewell et al., 2001a; Fike and Spire, 2006).
The movement of air within the trailer is partially dependent on the porosity of the trailer and the punch hole
placement. A standard trailer has between 8.7 and 9.6%
overall porosity depending on duffy or punch hole configuration and number of roof hatches (Bryan, 2013). Based
on these differences, each compartment within the trailer
has its own individual, yet internally homogenous, climate
(White et al., 2009) with the porosity percentage and temperature (both ambient and core body temperature of the
animal) inversely correlated (Bryan, 2013). In contrast,
Camp et al. (1981) found that there was no difference
between the trailer compartments when comparing animal
shrink; however, duration and loading densities varied as
well as the age of animals used. In addition, only one temperature was taken and used as a point of reference for the
entire trailer, which showed deviances from the research
conducted by Bryan (2013) and Greer (2013).
Giguere (2006) tested external trailer modifications in
the form of several air scoops composed of a metal box
with 2 sides removed fitted over the preexisting punch
holes to help facilitate airflow and found that ammonia
was reduced by a minimum of 25% and could reach upward of 46% reduction depending on the compartment
of the trailer. The modified trailer was cooler 86% of the
time, had lower ammonia concentrations by a least 1.2
ppm at every hour of sampling, and produced 0.6 to 1.0%
less shrink than the than the trailers without the scoops
(Friend, 2006; Greer, 2013). The results also showed a decrease in the amount of deaths; however, this concept was
not considered a feasible option because the scoops created enough drag that there was a substantial increase
in fuel consumption and it was deemed that the subsequent costs would negate the benefits. This undesirable
drag affect could be partially due to the placement and
orientation of the scoops, which were positioned to force

Figure 4. Temperature-humidity index chart adapted from
Whittier (1993). Source: University of Missouri Extension.
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air perpendicular to the direction of movement instead of
mimicking and enhancing the natural flow of the trailer.
Passive ventilation systems rely heavily on truck and
trailer movement to force air through the trailer. When
trailers are stationary, there may be minimal or nonexistent cross breeze, which could result in a dangerous environment for the animals. The temperature inside the trailer can rise 1°C for every minute the trailer sits motionless
(Bulitta, 2015; Xiong et al., 2015). Bryan (2013) found
that the internal temperature during stationary periods
can reach up to 10.5°C higher than ambient temperature
and 9°C higher than ambient temperatures when moving.
In addition, Muirhead (1983) reported there were areas
of no airflow within trailers while the trailer was moving, creating pockets of stagnant air. Trailers with poor to
no airflow can cause an accumulation of animal-produced
gases in addition to diesel exhaust fumes (Haag, 1945).
Additionally, the natural effects of thermal buoyancy with
hot air rising and also the top deck solar radiation exposure result in the belly having a lower THI value than
the other compartments, coinciding with the findings of
Brown et al. (2011) and Stanford et al. (2011). Any animal
subjected to prolonged heat stress has a higher instance
of tissue damage and mortality (Mitchell and Kettlewell,
2008; Jury, 2013).
The United States and Canada have implemented the
use of bedding material as well as slats or boards to cover
the sides of the trailer as a way to improve the internal
climate in colder conditions to increase animal comfort.
Warren et al. (2010b) reported that almost 80% of Canadian trucks use some pattern of boarding or punch hole
blocking and found that the use of boards during Canadian winters reduced the number of dark cutters. González
et al. (2012d) found an infrequent use of boarding and
stated this could be due to animals that sweat while in
transport and then have health problems when the wet
animals are offloaded into cold conditions. This increase in
humidity caused concern over the airflow. However, Goldhawk et al. (2015) reported that boarding increased the
ventilation in moving trailers but decreased ventilation
and air quality when stationary. Another practice that is
more variable is the use of bedding. The Canadian Codes
of Practice recommends bedding if external temperatures
get below 10°C, which is not uncommon in Canada and
the northern United States (González et al., 2012c) to
reduce cold stress.

Loading Density
The United States, Canada, and several other countries’
implemented transport regulations that require cattle
trailers to fall within certain height, width, and weight
restrictions. North America primarily uses commercial
potbellied cattle trailers at a standard size for the ease of
loading and unloading at a given facility, making loading
weight the main limiting factor. Loading trailers by weight
instead of by head creates an issue of space and is further
compounded by the transport marketing system measur-

ing as live weight per kilometer or mile (Whiting, 2000),
resulting in each trailer being loaded as full as possible to
increase economic profit, sometimes at the expense of the
animals’ well-being.
Cattle will naturally orient themselves either perpendicular or parallel to the movement of the trailer (Eldridge
and Winfield, 1988; Lambooy and Hulsegge, 1988; Flint,
2013). Cattle do not normally orient themselves in a diagonal, but at higher stocking densities, cattle are unable to choose their placement. Some truck drivers use the
general alignment in relation to the traveling orientation
as a quick way to check whether the animals are packed
too tightly within a compartment. There have been reports (Tarrant et al., 1992) that the animals were skewed
(diagonal) to the direction of trailer movement but this
result could be explained by the abnormal airflow sometimes seen within the trailer, which would cause the cattle
to orient themselves in the direction of the airflow as they
would in an open space and not be aligned with the movement. Regardless, a quantitative approach to determine
correct stocking density at different finished weights, distances traveled, times on the truck, and during different
environmental climates is needed.
Currently, the equation used to determine an appropriate
stocking density is space per animal (square meters) = k ×
BW0.67, where k is the allometric coefficient and BW is the
average BW of the animal being transported (in kg), all
raised to the two-thirds power (FAWC, 1993). Several researchers have conducted studies and determined the safe
allometric coefficients for low, medium, and high stocking
densities to be k-values of 0.026, 0.021, and 0.016, resulting in each 500-kg animal having 1.67, 1.35, and 1.03m2,
respectively. These researchers also found industry-practiced high stocking densities to have k-values of 0.014 to
0.015, and low densities to have 0.018 to 0.046, allowing that same animal to have anywhere from 0.91 to 3.00
m2 of floor space (Randall, 1993; Petherick and Phillips,
2009; Schwartzkopf-Genswein et al., 2012). Gonzáles et al.
(2012a) determined the optimal range for animal welfare
of all weights and ages to be a k-value between 0.015 and
0.035, which may vary due to bruising and economic factors influencing carcass values. For instance, Australia has
defaulted to a loading density with a k-value of 0.02 due to
severe bruising seen at other densities and the costs associated with them (Eldridge and Winfield, 1988). Improperly
distributing animals in North American markets can result in bruising penalties ranging from $1.30 to $4.03 loss
per animal (Schwartzkopf-Genswein et al., 2012). These
costs are further compounded by regulation inconsistency
issues seen with very large animals (fat and cull) and very
small animals (calves) in their space allotment, thereby
reducing the safety of the animal. Fat and cull cattle tend
to be allowed more space than necessary, whereas calves
are transported with high stocking densities.
Abnormal behaviors are seen at stocking densities that
fall outside the optimal bounds (k-values of 0.015 to
0.035). The frequency of social interactions and explor-
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atory behavior decreases as stocking density increases, and
aggressive behaviors and loss of balance increase (Jury,
2013). Tarrant et al. (1992) reported that high densities
(k-value of 0.026) had greater incidence of bruising and
low densities (k-value of 0.016) had more falls and bruising
incidences when compared with medium densities (k-value
of 0.021). Another issue seen is that lower area allowances have less airflow and air turbulence, resulting in lower
air quality for the cattle (Muirhead, 1983; Hartung and
Springorum, 2009). Grandin (2014) recommends different
stocking densities for long and short durations. Currently,
the Farm Animal Welfare Committee uses the formula A
= 0.021BW0.67 to estimate the area needed for all transport
durations. For trips longer than 5 h, Grandin (2014) recommends using the modified equation of A = 0.01BW0.78
to allow enough area for animals to lie down during long
hauls. This results in a 10 to 30% increase in area for animals of the same weight compared with hauling at high
stocking densities (k-value of 0.015) but actually gives the
animals less room if compared with the medium recommended k-value of 0.021. It is to be noted that the k-values
for each stocking density remain the same regardless of
equation or BW of animal used (Grandin, 2014); the different exponential constant (0.67 vs. 0.78) is used to give
animals the proper amount of area based on whether the
animal would need to lie down or not.

Duration
Severe restrictions are placed on time that the cattle are
allowed to be on a trailer and the time a truck driver is
allowed to be actively on the road. As previously stated,
transport includes gathering and holding cattle before and
after loading, time spent loading and unloading, as well
as the time the animals spend physically on the trailer
(Jury, 2013). Each country has its own set of regulations
as to how long animals are allowed to remain on the trailer
before they must be offloaded and allowed to rest for a
period of time. The United States has a 28-h law (USDA,
1994), Canada has a 48-h limit unless the destination can
be reached within 52 h, in which case the truck can proceed to its final destination (CARC, 2001), and the European Union has a 30-h limit (EU, 2005) before the animals
must be offloaded and allowed access to food and water
for a minimum of 5 h before recommencing their journey
(Schwartzkopf-Genswein et al., 2012).
Differences in transportation laws between North America and the European Union are not limited to transit
duration. In the European Union, the trailers have many
fewer animals and their laws are much more stringent
on the internal modifications made to the trailer to ensure the animal’s welfare. Trailers in the European Union
must include adjustable roofs to accommodate different
species, onboard feeding and watering systems, and an
internal ventilation system that maintains a temperature
range from 5 to 30°C that the driver can monitor from the
cab and that records the temperatures for the log books
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(EFSA, 2004). Airflow regulations were further specified
in 2005 to a minimum of 40 air changes per hour and the
slowest acceptable air speed of 4.47 m/s (EU, 2005).
Gebresenbet and Eriksson (1998) and Broom (2008)
stated that long stints of transport and poor handling
(Frese et al., 2016) in loading and unloading processes
have a large effect on animal welfare and meat quality.
These factors could be greatly improved by simply reducing the amount of time that animals spend on the truck.
The risk of animals being unable to cope with the stress
of transport increases as trip duration increases (Swanson
and Morrow-Tesch, 2001). González et al. (2012c) found
that the likelihood of cattle death doubled when transport
increased from 20 to 30 h and increased by a factor of 7
after 30 h. Similarly, Coffey et al. (2001) found that the
majority of shrink was seen in the first 3 to 4 h of transport. In addition, Knowles et al. (1999) found that half
of the animals lay down after 24 h of transport, suggesting that some of the time restrictions should be lowered
to avoid severe fatigue. Cattle can remain standing for
approximately 15 h before needing to rest in most conditions (Grandin, 2014). After standing for long periods of
time, these animals had elevated concentrations of plasma
cortisol, which is linked with sleep deprivation in humans
(Grandin, 2014). The more tired and unsteady the animals became, the more likely they were to slip and fall,
which could result in potential injury of the animal and
subsequent loss of carcass quality. There was a greater
incidence of dark cutting beef in finished cattle that were
transported less than 60 miles and greater than 180 miles
(Jones and Tong, 1989).
Some researchers have reported that after an extended
period of time on the road, the offloaded cattle will eat
and drink before being reloaded for the next leg of the
journey (Cooke et al., 2013), but others contradict this
and state that it took longer than the required offload
time before the cattle would eat and drink, making the
stops less vital if the destination can be reached within an
acceptable time frame, usually described as being within
4 to 5 h (Kenny and Tarrant, 1987; Flint et al., 2014).
Grandin (1997) stated that, in addition to extra unloading
and loading stress, rest stops also increased the likelihood
of the animals being introduced to new pathogens. This,
in addition to other researchers’ concerns, suggests the
question of the validity of transport time limits and the
benefits of rest stops (Fisher et al., 2009; Tucker et al.,
2015). Gonzáles et al. (2012b) found that, on average, fat
cattle experienced delays of 1.98 ± 0.226 h, which was the
shortest duration when compared with calves, feeders, and
cull cattle. These delays were only recorded as in-transit
stops, and time spent waiting at point of origin or destination were not included in these values.
The American Meat Institute Foundation (now known
as the North American Meat Institute) emphasizes how
important it is to reduce the amount of time spent waiting to unload at slaughter facilities and urges facilities to
place higher importance on scheduling truck arrival, which
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would allow a steady flow of trailers and decrease wait
times (Grandin, 2012). Dewey et al. (2004) and Pilcher
et al. (2011) saw that a greater portion of finished hog
losses occurred during the stationary period at the slaughter facility. In an effort to reduce the waiting periods, the
Animal Handling Audit (Grandin, 2012) gave scores to abattoirs during their audits that consisted of full points for
trucks that sat waiting at slaughter facilities for an hour
or less before unloading, and started docking points for
each 30 min of wait time after the initial hour. However,
there were no regulation changes on scheduling and arrival
times that would cause the extended wait times.

Quality of Transport
The driver, transport system (truck and trailer), and
the selected route contribute to transport quality. Factors
that make up these variables are driver experience, road
conditions, vehicle design and operation, and loading and
unloading factors (Tarrant, 1990; Broom, 2007; Cockram,
2007). In addition, time, money, and government regulations also influence the overall transport experience of the
animal and can fluctuate based on region and trucking
company. For example, different countries have different
regulations on how weight is dispersed within the trailer
that depend on how many axles the trailers have. This
can become an issue when crossing international borders.
Oftentimes, live animal imports require a health inspection be conducted by a licensed veterinarian, resulting in
offloading of animals for checks and weight redistribution
and may further increase animal fatigue (González et al.,
2012b).
Studies have been conducted to evaluate the quality
of the transportation as well as the duration (Tarrant
and Grandin, 2000; Nielsen et al., 2011; González et al.,
2012a). Shrink is a significant economic factor in moving
cattle. Cattle transported by drivers with less than 3 yr
of experience had a shrink of 5.09 ± 0.12%, with 3 to 5
yr had 5.11 ± 0.13%, with 6 to 10 yr had 4.79 ± 0.13%,
and with more than 10 yr had 4.86 ± 0.12%, showing that
as driver experience increases, shrink has a tendency to
decrease (Warren et al., 2010b; González et al., 2012b).
Tractor trailers driven by truckers with 6 or more years of
experience had the lowest percentage of shrink, likely due
to a smoother ride (cornering, breaking, and shifting) and
the driver having a better understanding of parking placement conducive to better airflow (González et al., 2012a).
The longer a driver had been in the industry, the more
likely they were to minimize stationary periods for both
the animal’s benefit and driver’s profit (Ellis and Ritter,
2006). In addition, they were more aware of parking orientation in relation to the wind and sought shade when
possible (Kettlewell et al., 2005). Furthermore, these drivers tended to be more knowledgeable, considered loading
density when loading the trailer compartments (Broom
and Fraser, 2015), and were more aware and less forceful at times of loading and unloading to minimize injury.
Fat and cull cattle have the greatest risk of slipping and

becoming lame at the time of loading and unloading when
compared with calves and feeders (González et al., 2012c).
Aggressive and rushed movements cause these animals to
rush up and down the ramps and can also increase jumping behavior, thus increasing the likelihood of bruising.
Cattle have the potential to bruise their sides and backs
during loading and unloading. Occasionally, cattle will hit
the lip of the top deck while using the ramp from the back
to the belly, thus reducing the quality of the carcass and
decreasing profits.
Potbelly trailers, or low profile trailers, are much more
common than straight decks in cattle hauling, especially in transportation of market weight cattle. This is in
part due the better distribution of animals within and
the better use of wheel space to increase compartment
height, which makes these types of trailers more suitable
for larger or finished animals. Furthermore, there is also
the increased safety factor because the center of gravity
is lower than that of straight deck trailers (Bulitta, 2015)
because of the used belly spacing. Straight decks are used
more in smaller livestock hauling because there is less of a
height concern. Pigs transported in potbelly trailers performed better during and after transport, and the environment maintained lower temperatures than in straight deck
trailers (Sutherland et al., 2009; Goumon et al., 2012).
Animals that were unloaded off of straight deck trailers
had fewer physical indicators of stress than those off of
potbelly trailers, possibly due to fewer ramps for the animals to navigate (Sutherland et al., 2009). However, these
ramps allow for the use of space between the front and
rear axles, resulting in higher compartment ceilings, which
are necessary for hauling fat and cull cattle safely.
Drivers often overinflate tires to extend the life of the
tire. This will consequently cause an increase in the vibration in the trailer, which could lead to increased stress on
the cattle (Stevens and Camp, 1979; Grandin, 2014). Vibration causes stress through muscle fatigue and also displaces the animal’s center of gravity, making slips and falls
more frequent (Bulitta, 2015). In addition, standing orientation and road conditions could exacerbate these factors
(Gebresenbet et al., 2011). Turning and braking also have
an effect on animal balance. Hall and Bradshaw (1998)
reported greater plasma cortisol concentrations in cattle
transported on winding roads than on straight roads, indicating that changes in trailer orientation further stress
the animal. There are also reports of animals that became
motion sick and would internally vomit, where abomasum
contents are discharged back into the omasum and rumen
but may not reach the mouth or exhibit other external
signals (Magdesian and Smith, 2002; Santurtun and Phillips, 2015).

Animal Behavior
Typically, cattle are finished in a feedlot on high concentrate diets, resulting in increased rate of gain and improved
carcass quality but, unintentionally, also an insulating fat
layer (Brown-Brandl et al., 2005b). Mature animals natu-
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rally have a lower ratio of surface area to volume than
that of younger animals, resulting in less efficient heat
exchange (Finch, 1986). When this is combined with the
extra insulated fat layer and the high energy diet, the animals are able to withstand colder temperatures quite well
but can have extreme difficulties when the weather turns
hot. Cattle have several thermal zones that affect performance, which are the thermal comfort zone, the thermal
neutral zone, and upper and lower critical zones. Animals
are most efficient and have the highest performance when
temperatures lie within the thermal comfort zone, usually
ranging from 5 to 20°C. The thermal neutral zone, which
is the temperature range at which the animals do not need
to expend extra energy to maintain body temperature and
homeostasis, ranges from 0 to 28°C (Hahn, 1999; EFSA,
2004). González et al. (2012b) found that animals were
more likely to become nonambulatory and lame during
transport when temperatures were outside the thermal
neutral zone, meaning that higher critical temperatures
(heat stress) or lower critical temperatures (cold stress)
can affect the health of the animal.
A stressed animal is considered to be one that is forced
to make abnormal or extreme changes in physiology or
behavior to withstand the detrimental environmental aspects (Stermer et al., 1982). The effects of stressors depend
upon the type, duration, and intensity of the stress (Ferguson and Warner, 2008). Specific stressors cattle undergo
during transport are water and food deprivation, noise
and vibration from the trailer, human handling, forced
physical effort, fatigue, novel environment, potential gas
exposure, and commingling (Appleby et al., 2008; Terlouw
et al., 2008; Bulitta, 2015). Notably, cattle are naturally
prey animals and will not always physically exhibit an indication of stress but can still experience the detrimental
effects of stress (Von Borell, 2001).
Cattle response to stressful environments can be divided
into physiological and behavioral changes. Physiological
stress includes (but is not limited to) increased heart and
respiration rates; elevated body temperature and blood
pressure; and changes in biochemical markers such as
creatinine, lactate, cortisol, neutrophil counts, and glycogen mobilization (Broom, 2003; Fazio and Ferlazzo, 2003;
Tucker et al., 2015). Animals can become accustomed to
stressors, but the recovery period from the initial stimulus
can vary. For instance, Grandin (1997) reported that a
stressed animal can take up to 30 min for its heart rate
to return to normal levels after the initial stressor. Behavioral changes that can be observed in response to stressful
environments may include exploration (smelling and licking), aggressive behavior (pushing, fighting, threatening,
and head butting), nonaversive behaviors (ruminating, increase of ruminal pH and rate of passage, and lying down),
and loss of balance (shifting and struggling) or footing
(Galyean et al., 1981; Kenny and Tarrant, 1987; Jury,
2013). With changes in physiology and behavior, not only
is animal welfare jeopardized, but there are alterations to
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carcass parameters such as shrink, bruising, and incidence
of dark cutting beef that result in lower quality products
and lost profit (Tarrant et al., 1988, 1992; Kreikemeier et
al., 1998; Warren et al., 2010a).
Shrink was earlier defined as the weight lost by an animal during transport. This includes the digestive tract
contents that are evacuated during the trip, making up
the gut fill, and the reduction of water from within the
animal’s muscles, also known as tissue shrink. The average
pencil shrink is usually figured to be 4% during transport
but can easily reach dangerous conditions with prolonged
stress and environments with very high THI (Goldhawk,
2014). In fact, very extreme cases of shrink have been
reported, up to 21.8% of the total animal’s weight with
prolonged transport time (>40 h) and high temperatures
(46°C; González et al., 2012d). Coffey et al. (2001) reported tissue shrink had the potential to account for almost
60% of the total weight lost during transport, but these
cases often result in the death of the animal. Higher rates
of shrink result in an increase in what is known as “dark
cutters.” Dark cutting beef, also referred to as dark, firm,
and dry beef, is the result of the mobilization of glycogen
and the increase of water within the muscle tissue, where
the increased water refracts light differently, giving it the
characteristic dark color (Scanga et al., 1998). Dark cutting beef has no nutritional difference than non-dark cutting beef, but the grainy texture, sticky consistency, and
reduced shelf life tend to repel retailers and consumers,
causing packing facilities to dock the price up to $6.08 per
carcass (Schwartzkopf-Genswein et al., 2012).
Fatigued cattle syndrome (FCS) is another negative effect of stress. Symptoms of FCS are most notable when
cattle arrive at the packing facilities and are indicative
of cattle appearing fatigued. Animals with FCS are often lame, reluctant to move, and slow moving even after
exiting the trailer (Thomson et al., 2015). Animals with
FCS had greater serum lactate and creatine kinase concentrations, lower blood pH, and higher incidence of muscle
tremors than animals without FCS. This is the result of
the animal being subjected to stressors over prolonged periods of time, such as those seen during transportation,
especially in hot ambient temperatures (Thomson et al.,
2015). A similar issue is seen in pigs called fatigued pig
syndrome, which is characterized by splotchy skin; vocalization; and pigs that are lame, slow moving, or both. All
transport stressors, such as those of vibration, poor air
quality, general fatigue, heat, humidity, and so on, become
compounded over time and have become a significant animal welfare concern (Ritter et al., 2005). Fatigued cattle
syndrome is a detrimental condition to the welfare of the
animal and to overall profitability.

CONCLUSION
There are several stressful events throughout an animal’s lifetime, but transportation is considered by many
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professionals to be one of the most detrimental to animal
welfare. Transportation consists of several different factors, including microclimate, loading density, duration,
transport quality, and animal behavior, that can affect
animal welfare and beef product quality. This review of literature compiled current relevant resources and industry
practices of transporting cattle within the United States.
Animal welfare considerations and complying with laws
and regulations must remain central when transporting
finished beef cattle. Research in cattle transport during
each phase of production is needed to understand and improve animal welfare.
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ABSTRACT
The aim of the authors is to make a summary of indissoluble relationships between Parmigiano-Reggiano cheese
and its production area: how to improve the quality of hay
and then that of milk destined for the making of cheese,
as well as the yield of cheese. The quality of a cheese product with a designation of origin is the result of close links
among production territory, dairy cow nutrition, and human knowledge. The evolution of production processes involving the daily agricultural and zootechnical world and
the continuous progress of acquisitions in this area require
continuous updates of required operational techniques
that are the basis of correct cattle feeding. The focus will
be on nutrition and feed characteristics, especially forages;
the techniques of production, conservation, and administration to animals have been widely described as being
able to positively influence the native lactic microflora of
an area, which is essential to cheese-making and ripening.
Key words: Parmigiano-Reggiano protected designation
of origin cheese, dairy cow nutrition, forage quality, native
microflora, milk quality

INTRODUCTION
Foods linked to their origin have the potential to be part
of a cycle of sustainable quality based on the enhancement
and protection of local resources. This potential is based
on their specific characteristics, the result of a unique
combination of natural resources (climatic conditions, soil
characteristics, local plant varieties, breeds, and so on),
local expertise, historical and cultural practices, as well as
the traditional knowledge of the production and processing of products. The first step for local producers is to be
aware of this potential, identifying and intensifying the
links between product quality and production area (FAO
and SINER-GI, 2009).
Some agricultural and food products have specific characteristics that are related to the place where they are
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produced and that give a reputation to the product itself. Tequila, Parmigiano-Reggiano, Parma Ham, Darjeeling, and Champagne are just a few examples of product
brands that have a reputation linked to their geographical
origin area. The specific meaning of “quality” is giving the
product some features that differentiate it from others of
the same category; consumers perceive the brand quality,
apart from the fact that the market is local, national, or
international.
Typicality is an important element to be considered as a
factor of differentiation on the market. The product is not
only specific, but also unique because of the combination
of natural and human production factors that are linked
to the territory. This food production chain cannot be reproduced elsewhere. Typicality is a measure of the level of
specificity and connection to the local resources.
Different specific characteristics, both objective and subjective, can be equally important to the consumer. They
can be related to the intrinsic qualities (aroma, texture,
flavor, shape, and color) and the extrinsic qualities (how
to produce, prepare, and consume the product). These
provide subjective, material, or symbolic experiences that
are emotional (e.g., the sense of being part of a community), ethical and social (e.g., maintaining traditions and expertise; supporting local producers, the environment, and
so on), or social (e.g., the product reflects social status).

The Concept of Typicality and Terroir
A “terroir” is a defined geographical area in which a
human community has developed, throughout history, a
collective production method and corresponding expertise.
A terroir is based on a system of interactions between
the biological, physical environment and several human
factors that express uniqueness and originality, enhancing
typicality and generating a reputation for a specific food
product (Barham, 2003).
The concept of typicality is a legacy that has historical
and geographical origins, anchored to a territory through
the cultural identity and heritage (FAO and SINER-GI,
2009).
The place therefore represents the geographical area that
brings both natural (physical and biological environment)
and human resources, linked to generations of residents

Parmigiano-Reggiano PDO cheese, example of typicality

and producers. This territory is delimited in space and
is related to the interaction between people and environment. The term “terroir” is the ability of this territory to
give, over the course of time, specificity and uniqueness
to the product. Natural resources are often connected to
human intervention. The physical environment is shaped
by human choices, and changes are made to adapt production methods to the environment, based on cultural
heritage and local expertise. This means that the product
is attached to a local community and has a dimension of
heritage. Consequently, a single person or a single private
producer cannot own a specific product, neither its name
nor its reputation in the market. On the contrary, the local community acquires a collective right and has the duty
to ensure that the product is made according to the rules
defined by the community itself.
For instance, the restricted area of Parmigiano-Reggiano
cheese production is composed of the provinces of Parma,
Reggio Emilia, Modena, Mantua (right side of Po River),
and Bologna (left side of Reno River).

Heritage and Expertise
The genetic resources of specific plant varieties or animal breeds, for example, are the result of a deliberate
choice by farmers over a period of many years. At the local
level, specific techniques have been developed (agronomic
characteristics, breeding and processing of raw materials)
taking into account the local context and specificity of the
materials. This knowledge is often context specific and not
formalized (FAO and SINER-GI, 2009).

Environment and Natural Resources
Specific features can be identified in several factors, such
as seasonal temperatures, humidity levels, wind, physical–
chemical characteristics of soil and water, sun exposure,
and composition of forage species. These are the most important natural resources that can confer a specific quality to typical products. Genetic resources are other types
of specific local resources. Varieties of plants or breeds
of animals capable of adapting to a specific environment
over time are often the source of quality specifications
that give a typical definition of a food product. For the
production of Parmigiano-Reggiano, coming from an area
circumscribed and well delineated, when focusing on aspects of type related to animal feeding, the control of all
phases of the production process through the application
of production guidelines (PG; Consorzio del Formaggio
Parmigiano-Reggiano, 2011) is indispensable in striving
for the acquisition of typicality (Mordenti, 1994). In its
first appearance in European Commission Regulations No.
2081/92 (European Commission, 1992) and No. 1107/96
(European Commission, 1996), the close link between the
territory of a well-defined production area and the intrinsic characteristics of Parmigiano-Reggiano cheese was
described, and a certificate of safety and guarantee was
provided to the consumer. To reinforce this concept of
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typicality, Le Jouen (1997) suggested identifying and protecting traditional techniques, by means of PG, enhancing
ties occurring among the environment, humans, and the
product.
The provenance from a relatively limited area, the respect and control of all production process phases, and the
methodical application of PG represent the fundamental
steps for maintaining the hallmarks of a product with a
designation of origin (PDO), such as Parmigiano-Reggiano cheese (Arsenio et al., 2015). In this context, we can
include our theme: dairy cow nutrition is a decisive factor
in milk production quality and in the production of dairy
products. This theme considers the provision of warnings
and good rules to follow for the production, conservation,
and use of quality forages for cattle to improve the productivity of farms, animal health, and milk quality.
The evolution of production processes involving the
daily agricultural and zootechnical world and the continuous progress of acquisitions in this area require continuous
updates of required operational techniques that are the
basis of correct cattle feeding. Getting more detailed and
referring to the rule in dairy cow nutrition under which
the DMI of forages exceeds (or is equal to) concentrates,
we can deduce that forages are the fulcrum around which
cow feeding revolves. Given the continuous increases in
individual production and milk composition (particularly
in proteins), we cannot safeguard production parameters
without improving quality and safety of forages and maximizing their inclusion in diets, in particular (Mordenti et
al., 2005; Mordenti et al., 2007).
A good analysis of physical–chemical and fermentative
characteristics of forages is the cornerstone in correctly
feeding dairy cows; this is the starting point in achieving
health and welfare of animals and maintaining high quality milk standards (Formigoni and Biagi, 2007).
Alais (1984) suggested there are 2 main factors to explain the variability of cheese characteristics: the milk
quality and the technological processes that can alter the
relationship between various components, such as the effects of microorganisms on the same components. The
specific traits of PDO cheeses are related to technology,
such as milk characteristics, and are due to differences in
(Bertoni et al., 2001) the animal species or breed, the protein content and cheese-making properties, the fat content
and its composition in fatty acids, the aromas or other
substances from specific feed, and the native microflora
that is typical of the environment.
Our focus will be on nutrition and feed characteristics,
especially of forages, that can affect the characteristics of
milk and accordingly the cheeses produced.

REVIEW AND DISCUSSION
The Native Microflora of the Milk
In the production of hard cheese made from the clotting of raw milk, the native microflora of the milk is of
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great importance in determining the organoleptic characteristics. Cow feeding is a strong factor in the connection
between the characteristics of PDO products, in particular
Parmigiano-Reggiano cheese, and the territory (Mordenti
and Pecorari, 1999).
Origin, conditions of storage, quantity, quality, and distribution modalities of feed are important, if not crucial,
factors in obtaining excellent cheeses. With feeding, we
can regulate and check, within certain limits, most macro
and micro constituents of milk: total fat, fatty acids, fatsoluble vitamins, carotenoids, casein, urea, nitrogen, Se,
I, and Mg.
However, the aspect that most interests us is what is
achieved through the native microflora. Microflora and
its management are therefore of great importance (Alais,
1984). It is well known that the differences between the 2
Italian Parmesan cheeses (Parmigiano-Reggiano and Grana Padano) are due to the effects of fodder, climate, and
technology on the environment of microbial development
(Mucchetti et al., 1998). The effects of these and local
factors on microbial activity in milk has been confirmed
(Limsowtin and Powell, 1996). This supports the idea that
the typical cheeses require an autochthonous microflora
(Bouton and Grappin, 1995; Demarigny et al., 1997; Freitas and Malcata, 2000) or, preferably, a culture of natural
whey, as that used for Parmigiano-Reggiano (Mucchetti
et al., 1998).
The feed for cows in the territory is linked to providing
positive mesophilic lactic microflora and avoiding Clostridium, which is extremely negative because it is one of
the most significant factors in microbial contamination of
milk for cheese production.
The PG were designed to largely enforce the use of forages coming directly from the farm or Parmigiano-Reggiano production area (not less than 75%), to prohibit the
use of any kind of silage in dry cows or lactating cows,
and to prohibit the detention (on the farm) of any kind of
silage, haylage bales, and so on.
Excellent-quality forages produced on the farm or in the
production area provide a mesophilic microflora, useful
for cheese maturation, whereas silage can be a source of
Clostridium. Poorly preserved silage, usually at high pH
(grass silage, haylage bales, and so on), allows the growth
of large quantities of highly resistant spores that can directly reach the feed bunk (Leibensperger and Pitt, 1987)
or return through the hay (of contaminated land) once the
manure (even that of heifers) is used for field fertilization
(Consorzio del Formaggio Parmigiano-Reggiano, 2011). In
these conditions, hays are mainly responsible of the link
to the territory, and therefore, attention should be focused
on this forage.
In the case of cheeses made from raw milk, determining
the organoleptic properties of the final product is even
more important given the native microflora of milk. Experiments conducted by Nanni et al. (1997) showed that
lactic acid bacteria present in raw milk (lactic acid bacteria nonstarter, NSLAB) play an essential role in the

maturation processes of long ripening cheeses. During ripening, the curd, tasteless, is turned into cheese, which is
very different in texture, flavor, and aroma. These characteristics stem from the many biochemical changes to lactose, casein, and lipids; the proteolysis processes are those
that contribute most to the sensory quality of cheese. In
Parmigiano-Reggiano cheese, although poorly represented in the curd, the NSLAB are increased considerably in
the first stage of ripening, reaching a peak near the third
month, and between the 5th and 24th months of seasoning, more than 80% of total lactic acid bacteria present
belong to the species of lactic acid bacteria present in raw
milk. The thermophilic lactic acid bacteria added to milk
with the whey, however, decreases dramatically at the end
of 72 h after cheese-making and disappears completely at
the end of second month of seasoning (Nanni et al., 1997;
Coppola et al., 2000). The NSLAB could therefore play a
key role in the “mark” of territorially typical dairy products, influencing the final ripening and organoleptic characteristics (Crow et al., 2001; Poznanski et al., 2004; Bove
et al., 2011).
From these observations, it follows that feed provided
to cows can be an important vehicle for the native microflora of the territory and is useful in the characterization
of cheeses. The claim that forages for cows are produced
locally using techniques that ensure the survival of the
indigenous microbiota is a legitimate statement because
it demonstrates a connection between the product and
the territory of origin. The most likely way that territory marks milk is through the forages fed to animals that
make up the environment in which they live; the microorganisms are essential for cheese-making and ripening of
Parmigiano-Reggiano.
Most drawbacks that occur during the ripening of Parmigiano-Reggiano cheese are related to the contamination
of milk with Clostridium spp. These organisms alter the
paste of the cheese, in particular in hard cheeses such as
Parmigiano-Reggiano and Grana Padano, and cause the
late swelling that occurs during ripening. The development of butyric-type anaerobic spores is associated with
consistent formation of gas and induces deep alterations
in the cheese structure (eyes and slits) and, in some cases,
the production of unpleasant odors and tastes, phenomena
linked to a more or less intense proteolysis. Given that
the main source of spores is silage, it is not surprising
that the Parmigiano-Reggiano PG explicitly prohibits the
use and even holding on the farm of all kinds of silages.
Milk becomes contaminated with heat-resistant spores of
Clostridium (Clostridium tyrobutyricum and Clostridium
sporogenes) through fecal material, dust, and so on in the
environment; spores move from milk to cheese, where they
germinate and proliferate, performing their biochemical
activity because of the optimal conditions that exist during maturation and seasoning of cheese. Clostridium tyrobutyricum and Clostridium sporogenes are most responsible
for the changes taken into account. The first microorganism is able to ferment lactic acid into butyric acid, CO2,

Parmigiano-Reggiano PDO cheese, example of typicality

and H2, and the second one can remove nitrogen from amino acids with production of NH3 and caproic and caprylic
acids. The decarboxylation of amino acids then frees up
more CO2, and smelly, harmful amines such as histamine,
cadaverine, putrescine, and tyramine.
The spore content of feces increases significantly compared with the spore content ingested with feed due to
fecal environmental contamination. A direct relationship
has been shown between the presence of concentrates in
diets and the amount of spores in feces, regardless of the
amount ingested. Moreover, the excretion level is lower for
those administered low concentrate diets, and this can be
related to starch content or fermentable NSC content, as a
risk factor (Bani et al., 2001).
The TMR, or unifeed technique, tends to increase the
risk of spore contamination (Pecorari et al., 2001), and its
use is normally associated with greater average feed intake
and forces cows to ingest discrete quantities of soil, if forages were produced with inappropriate technologies. The
development of appropriate techniques for hay harvesting
and the prohibition of mixing hay and concentrates inside
the barn have reduced dust that can contaminate milk.
The specificity of a cheese is given by different combinations of the activity of endogenous milk enzymes and
released items from microorganisms, which are present in
the curd and promote the degradation of sugars, fats, and
proteins. Choices made by humans during cheese-making
(e.g., the addition of milk-whey) promote the development
of specific and characteristic microorganisms at the expense of others (Clostridium, in particular). Lactic acid
bacteria are the dominant microflora in dairy products
and play an essential role in the cheese maturation process (Gatti et al., 2008); the presence of an alive and vital
lactic microflora is often an effective barrier against the
development of pathogens and their colonization of the
product (Neviani, 2004).

Production and Use of Good Quality Forages
Increased individual milk production makes the quality
of forages (hays in particular) essential in the formulation of diets compatible with animal health and product
quality. Hays used must be of high quality with a good
nutrient concentration (energy and protein) to cover the
requirements of high producing cows without the need for
excessive use of concentrates, which may endanger animal
health and alter milk quality. Forage has an essential role
in promoting chewing activity, rumen digestion and motility, and animal health; this role cannot be replaced by any
other feed (Formigoni et al., 2010a). Production of high
quality forage is the most effective way to increase cow
performances and enhance milk quality characteristics;
high quality forages in dairy rations improve the functionality and efficiency of ruminal and intestinal activity and
positively influence microbial quality of the milk and its
clotting characteristics (Coppola et al., 2000; Bani et al.,
2001; Mordenti et al., 2007).
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Alfalfa or lucerne (Medicago sativa) is the most commonly used forage in the Parmigiano-Reggiano production
area. It is preferred because of an optimal environmental
acclimatization in well-structured clay soil of alluvial nature (right side of Po River), which is the type of soil present in Pianura Padana Valley (Parrini, 1989), and because
of a positive leaf-to-stem ratio that is strictly related to
its maturity that influences both fiber digestibility and
protein fractions (Sheaffer et al., 2000; Palmonari et al.,
2014).
Continued breeding and selection of alfalfa is needed to
achieve greater crop yield, increased leaf-to-stem ratio,
and multifoliate leaves and stem with shorter internodes
(Marten et al., 1988; Volenec and Cherney, 1990; Scotti
et al., 2007). Nevertheless, the environment, such as reduced water availability, particularly in summer, can alter
the quality of the forage (Pecetti et al., 2016). From here
arises the need to implement the production and storage
techniques of this forage; the lignin deposition increases
depending on both growth intensity and stage of maturity
of the crop (Formigoni et al., 2008b). In northern Italy, in
summer climatic conditions, alfalfa forages are normally
cut at 10% bloom. Some studies (Palmonari et al., 2014)
refer to an earlier mow of the forage (harvested every 21
d, at about prebloom, rather every 28 d, at about first
bloom, or every 35 d, at about full bloom); this causes evident advantages from the dietary (the indigestible fraction
of NDF will be reduced and the crude and soluble protein
amounts will be increased), health condition, and productivity points of view (increased NDF digestibility at 24 h
of alfalfa harvested every 21 d, rather than every 28 d, 35
d, or both). The inclusion in dairy rations of frequently
harvested alfalfa hays, to provide 12 kg of DM from alfalfa
(at 36% NDF), induces an increase of DMI (about 1 kg)
and allows cows to produce more than 2.5 kg of high quality milk (Formigoni et al., 2010b).
Hay-making in 2 times is briefly summarized: at the
time of harvesting, forages should be first partially dried
on the field (up to 25% humidity), and afterward they
should be transported directly to the barn, baled, and air
dried using forced ventilation (at environmental temperature) to reduce humidity (less than 14%) and to maintain
both the physical–chemical nature and native microflora
that characterizes them (Formigoni et al., 2002). In this
way, both mechanical and respiratory losses and those of
fermentation will be reduced; the risk of mold development decreases, which is the frequent cause of mycotoxin
production and a source of risk for the consumer.
Use of dehydration techniques to enhance the quality
of alfalfa hay is another important solution. Organic acids in lucerne, particularly malic acid (Callaway et al.,
1997), are important metabolites for the ruminal population to improve the uptake of lactic acid by Selenomonas
ruminantium (Evans and Martin, 1997) and Megasphaera
elsdenii (Rossi and Piva, 1999). Dehydration has to be
managed by a horizontal drier, the air temperature close
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to the forage has to be approximately 130°C, and the highest temperature of the alfalfa has to be about 60°C. Researchers (Formigoni et al., 2003) concluded that, in such
conditions, the main organic acid content of alfalfa hays
collected 1 h after mowing will be increased (14% for malic
acid and 29% for citric acid) compared with alfalfa hays
collected 72 h after mowing.
Use of the TMR technique in the Parmigiano-Reggiano
area compared with traditional feeding (a separate administration of hays and concentrates) was studied intensively
by several researchers. For example, Pecorari et al. (2001)
studied the effects of the TMR feeding technique on milk
quality, cheese-making technology, and cheese quality. In
the experimental design, the seasonal effect was also considered, with data coming from 16 selected cheese-making
factories. These included 48 cheese-making trials and 192
cheese wheels that were manufactured using comparable
processing technique, milk environmental conditions (during conservation and processing), salting technique, and
cheese aging. The milks produced by the TMR technique
showed a significant increase in casein content (probably
due to the improved rumen fermentation activity that increased the available energy for the cow) and increased
levels of titratable acidity. At the same time, milk produced by the TMR technique showed increased content
of Clostridium spores compared with that from cows fed
by traditional methods. No statistical differences were observed between feeding techniques for whey and rennet
amounts added to milk, the cheese-making procedure (coagulation temperature, clotting time, cutting time, length
of cheese-making, cooking temperature, and length of sedimentation), the latest cheese wheel manipulations, and
the structural evaluation during ripening. Considering the
sensory evaluation of aged cheeses, according to Annibaldi
and Mora (1983), the cheeses produced from milk of cows
fed TMR had lighter color than traditional ones; the authors stated that these data were not univocal and did not
depend on the feeding method but rather when cattle were
fed with grass (stagional effect).
Soil ingestion from contaminated feed may be enhanced
by the TMR technique, beyond the immediate risks for
the herd, and is the source of increased milk pollution by
spore-forming microorganisms (Clostridium spp.; Bani et
al., 2001; Pecorari et al., 2001). For these reasons, during
all operations ranging from forage cutting to TMR distribution in the feed bunk, some important precautions need
to be used: choose mowing height according to climate
and soil nature; mow forages earlier (prebloom) to keep
unchanged nutritional properties and palatability; adopt
techniques of hay making able to guarantee less mechanical losses and soil contamination; provide storage systems
that allow distinction between hay production batches so
you can better identify their nutritional characteristics;
systematically evaluate the hay bales used, before administration to the animals; and take into account forage fermentation, which could alter the nutritional value or be a
source of dangerous microbial contamination and toxins.

Another particular aspect of TMR is the addition of water to the mixture, which, in any case, should not be excessive. Furthermore, the Parmigiano-Reggiano Consortium
forces, through the application of PG, the preparation a
TMR mixture twice a day (every 12 h). This will reduce
the intensity of fermentation phenomena in TMR mixtures in the feed bunk, especially in summer, which could
pose some risk. Also for this reason, the use of a dry TMR
mixture, consisting of good quality feeds and carefully prepared, can also give interesting results. With the limitations imposed by the Parmigiano-Reggiano Guidelines, a
minimum amount of 30% of NDF (DM basis) is required
with adjustments depending on the origin and structure of
the fiber. These recommendations are greater than the 25
to 28% recommendation by the NRC (2001).

Consequences on Milk Composition
Beyond the health role of nutrition, many studies have
unequivocally demonstrated that dairy cattle diet can
modify some important characteristics of milk and, thus,
its cheese-making properties (Mordenti and Pecorari,
1999). Among the factors that influence cheese yield, milk
casein and fat amounts play an essential role, particularly
in Parmigiano-Reggiano cheese, where 1 g of casein is required to produce 3 g of seasoned cheese (Formigoni and
Biagi, 2007).
Several methods to improve casein synthesis by the
mammary gland have been studied and implemented
(Mordenti and Formigoni, 1986). To achieve this goal, we
have to focus on the activity of secreting cells, which depends on the availability of energy and amino acids in the
blood flow (Rius et al., 2010). It is important to note that
secreting cell activity is also influenced by hormonal factors that may reduce the availability of nutrients to the
mammary gland (Chiesa et al., 1991).
Concerning the energy supply, it is well known that increasing the energy density of the diet, using cereals and
consequently lowering the forage-to-concentrate ratio, is
the most logical and practical solution (Mordenti and Formigoni, 1986; Formigoni and Piva, 1996; Jenkins and McGuire, 2006). This change in the diet induces (Formigoni
and Biagi, 2007) increased feed intake due to the reduction of NDF ingested; a faster ruminal passage rate; and
increased bacterial growth, which promotes an increase of
nutrients in the intestinal tract, including bacterial protein and amino acids, which become available to the mammary gland (Rius et al., 2010; Hall and Eastridge, 2014).
Production of growth hormone and IGF-I hormones, influenced by animal energy balance or availability of nutrients, can also stimulate secreting cells to produce casein;
a reduced use of amino acids for glucose synthesis induces
an increased availability of amino acids to the mammary
gland. The authors (Formigoni and Biagi, 2007) concluded
that the limiting factor for the mammary gland could be
related to the availability of glucose and VFA in the rumen.
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Ideal amounts of dietary starch are between 16 and 17%
and 21 and 22%; the higher amount of starch fermented
in the rumen led to increased availability of propionate,
which is efficiently converted to glucose by the body
(Broderick et al., 2002). The role performed by the source
of starch in the diet on casein production is important.
If readily fermentable starch carbohydrates are used, the
casein amount is promoted, but at the same time, the fat
content decreases due to a reduction of acetate availability and to an altered biohydrogenation of fatty acids in
the rumen (Formigoni and Biagi, 2007). For a better understanding how different starch sources influence casein
yield, we also have to consider that an optimal estimation of ruminal degradability and ruminal passage rate has
to be implemented, especially in relation to technological
treatments and preservation techniques used. Consequently, from these observations, when starch is replaced with
structural carbohydrates, especially with highly fermentable fiber sources (early cut forages), milk production and
protein yield are increased (Rius et al., 2010).
Considering the dietary protein supply, feeding excessive amounts of protein, compared with standard protein
requirements, is not a convenient choice because it can
increase the amount of nitrogen excreted as urea (Formigoni and Biagi, 2007). According to Recktenwald and Van
Amburgh (2006), meeting animal requirements of metabolizable protein is directly related to the amount of milk
protein produced. To meet requirements of metabolizable
protein and to enhance the ruminal fermentation it is important to use nitrogen sources of high biological value, in
such a way to escape ruminal degradation. Unfortunately,
the variability of these nitrogen sources, due to the use of
different feedstuffs and technological treatments, makes it
difficult to estimate the rate of degradation in the rumen,
the ruminal passage rate, the intestinal digestibility, and
the amino acids composition. The NRC (2001) indicates
that the use of low degradable nitrogen sources does not
give the expected results; to meet nitrogen requirements
of ruminal microflora, feeding 10.2 to 12.2% of degradable
protein (16–17% of CP on DM basis) shows the better
results (Colmenero and Broderick, 2006). To enhance milk
yield and maximize nitrogen retention, it is necessary to
provide diets with enough degradable carbohydrates and
the previously mentioned protein amount.
The main part of the amino acid composition is derived
from bacteria in the rumen and is relatively constant; conversely, amino acids derived from intestinal digestion of
escape proteins is quite variable and affects the composition of amino acids that are available to milk secreting
cells (Formigoni and Biagi, 2007).
The use of methionine and lysine (ratio 1:3), equal to 2.3
to 2.5% and 6.8 to 7.5% of metabolizable protein, respectively, increases milk protein yield (NRC, 2001; Doepel
et al., 2004). From these data, in practical feeding, methionine seems to be the most frequently limiting amino
acid also in the Parmigiano-Reggiano area; the effects of
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the use of rumen-protected methionine on milk production
and quality were clearly demonstrated by several authors
(Formigoni et al., 1993; Martelli et al., 1993; Mordenti et
al., 2005; Mordenti et al., 2011). On the other hand, the
excessive use of cereals (particularly corn and its by-products) leads to a decrease of lysine content in blood flow;
therefore, lysine becomes the limiting amino acid (Formigoni and Biagi, 2007). The authors concluded that the
benefits are increased when the use of rumen-protected
amino acids is matched with a proper source of escape
protein, with a high biological value.
Lipid content is most influenced by the diet, both in
terms of quantity and VFA composition. An adequate fiber supply of good physical structure and quality is essential in maintaining a high pH level and acetic acid production in the rumen, a well-known precursor of short-chain
fatty acids of milk. Regarding fatty acid composition of
milk lipids, nutrition assumes a major role, even if the
relationship between quality of dietary lipids and those of
the milk is not direct because long-chain fatty acids are
partially hydrogenated in the rumen of dairy cows (Mordenti et al., 2009; Hall and Eastridge, 2014; Mordenti et
al., 2015).
Through the knowledge of ruminal mechanisms, it is
possible to modify, within certain physiological limits, the
ratio between long- and short-chain fatty acids and, with
it, the surfacing characteristics of fat and the consistency
of cheeses obtained (Formigoni et al., 2008b; Formigoni
et al., 2010a). In these conditions, we have to consider
possible modulation by microbial flora in bulk milk and
during the cheese ripening (Mordenti et al., 2015). Such
changes may have a negative effect on the unsaturation
degree of the lipid fraction, on its susceptibility to oxidation, and, consequently, on cheese rancidity (Mordenti and
Pecorari, 1999).
The fatty acid profile of a cheese can also be exploited to
discriminate between different areas of origin of the milk,
especially concerning long-chain PUFA ≥18 carbon atoms,
and this may be another important aspect of typicality
(Formigoni et al., 2008a; Gaspardo et al., 2010; Mordenti
et al., 2015).
Regarding vitamin levels, vitamin B, C, and K content,
normally synthesized by the ruminal flora, is relatively
constant in the milk, whereas vitamin A, D and E content
depends largely on their dietary contents. The same concept can be applied to some carotenoids, which have antioxidant and pigmenting properties. They can be partially
transferred to milk and from this to cheeses, providing
them both with different shades of color and a resistance
to pro-oxidant conditions during seasoning.

Effects on Organoleptic Characteristics
Regarding all the chemical characteristics and nutritional aspects of Parmigiano-Reggiano cheese, the authors
strongly suggest the updated review paper (Arsenio et al.,
2015).

526

Mordenti et al.

Among the different aspects of quality, organoleptic
characteristics of cheeses are those that better describe the
distinctive factors of a PDO production. Many compounds
and their precursors are able to give distinctive flavors to
cheeses. Some researchers have studied the compounds,
both in forages and in concentrates, responsible for the
cheese aroma (Viallon et al., 2000).
Great importance is given to forage species used. Guichard et al. (1987) demonstrated that on the cheese Gruyère
de Comté, the sesquiterpenes content is much greater in
summer, when the animals ingest forages rich with these
precursors, or if cattle graze preferably on mountain pasture rather than on lowland (Bosset et al., 1994). Nutrition can modify the aroma expression, also acting on other
factors, such as milk lipolysis and proteolysis (McSweeney
and Sousa, 2000; Smit et al., 2005).
The fact that tocopherols and β-carotene transfer from
feed to milk and then to cheese is one of the keys to improving the quality of cheeses obtained from pasture grazing cows (Noziere et al., 2006). It should be noted that
only a part of the change in taste and aroma can be attributed directly to cow feeding; the milk fat easily captures flavors and odors (barn or milking parlor or metallic
smells and so on) that can easily move to cheese.
Recently, consumers have become more interested and
more aware of the quality aspect of cheese. Cheese quality is strictly related to the sensory characteristics such as
flavor, scent, and aroma. In recent years scientific studies
aimed to clarify and determinate the volatile organic compounds (VOC) released by cheese and the connection between them and flavor. Analytical techniques were implemented to determinate the VOC released by a cheese, such
as solid phase micro extraction/gas chromatography-mass
spectrometry (SPME/GC-MS) (Endrizzi et al., 2012;
Tunick et al., 2013) and proton transfer reaction-time of
flight-mass spectrometry (PTR-ToF-MS) (Biasioli et
al., 2011; Cappellin et al., 2012), which can monitor the
evolution of VOC. The resulting spectral information of
SPME/GC-MS and PTR-ToF-MS techniques are related
to the detection of many substances, such as alcohols,
aldehydes, free fatty acids, ketones, esters, lactones, terpenes, and phenolic and sulfur compounds (Bergamaschi
et al., 2015; Bergamaschi et al., 2016). This group of substances released by a cheese can be considered as markers
for traceability and an antiforgery system (Biasioli et al.,
2006; Fabris et al., 2010; Galle et al., 2011; Tunick, 2014).

Role of Some Forage Species
Many forage species can transmit their olfactory, gustatory, or pigmenting properties to milk and therefore to
cheese. Some examples come from mountain forages, which
can provide unique and appreciated scents of the territory
(Wolter, 1997). Berodier and Puisais (1990) noted that
the Comté cheese, produced during winter, expresses a
very distinctive hay taste, linked to the cow feeding. Other
experiments show (Moio et al., 1996) that milk from rumi-

nants fed with pasture presented a sensory profile strictly
different from that obtained from animals fed with TMR
(Viallon et al., 2000; Curioni and Bosset, 2002; Carpino et
al., 2004; Aprea et al., 2016).
On the other hand, some forage species are well known
for transferring undesirable organoleptic characteristics
that are difficult to control. In this regard, many cruciferous species, colza (Brassica napus), rapeseed (Brassica
campestris), and so on, and some leguminous plants, including lupin (Lupinus albus) and vetch (Vicia spp.) seeds,
sugarbeet molasses, proteic beet concentrate, and so on,
are feed rich in betaine, which is converted into trimethylamine along the digestive tract. Other plants, such as
thyme (Thymus vulgaris) and fenugreek (Trigonella foenum), and many others that can alter the sensory profile
of a typical cheese should be prohibited by the cow nutrition Guidelines for PDO cheeses (Mordenti and Pecorari,
1999).
However, we should focus on identify the specific sensory
characteristics (Moio, 1998; Valfrè et al., 1999) that are
frequently associated with natural pasture (Wilson and
Keen, 1998; Balza et al., 1999; Gresta et al., 1999) and
may thus require molecular markers (Addeo et al., 1998;
Mayol et al., 2000; Versini et al., 2000). Therefore, the
effects of nutrition on milk cheese-making properties may
become more important than previously reported (Martin
and Coulon, 1995; Coulon et al., 1997, Mordenti and Zotti, 1998). Pasture-based feeding regimens can be of great
importance regarding some of the factors discussed, and
the presence of VOC, in milk and cheese, can significantly
contribute to the aroma of a PDO product (Moio and
Addeo, 1998; Fedele et al., 2000). Moreover, the local-origin forages may substantially affect the microbial population, hence the cheese quality (Pirisi et al., 1999), as well
as be the link to the locality (Mordenti and Zotti, 1998;
Cavazza et al., 2000), which is the most important peculiarity of PDO cheeses.

IMPLICATIONS
To optimize the relationship between a PDO cheese and
its production area, as part of the dairy cattle nutrition
circle, the improvement of forage quality is fundamental.
In particular, the techniques of production, conservation,
and administration to animals have been widely described
as able to positively influence the native lactic microflora
of the area, which is essential to cheese-making and ripening. Provenance from a relatively limited area, respect and
control of all production process phases, and the methodical application of PG represent the fundamental steps to
maintaining the hallmarks of Parmigiano-Reggiano cheese.
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ABSTRACT

INTRODUCTION

Since adoption of National Pork Producers Council
(NPPC) subjective pork quality standards almost 20 yr
ago, there have been limited investigation of the correlation and relationship between subjective pork quality
and instrumental measurement. The objective of this review was to investigate the correlation between subjective
evaluation of color and marbling with the instrumental
measurement of color and i.m. lipid composition. A database of 454 population or treatment group means from 101
peer-reviewed studies representing 30 affiliations (by corresponding author of publication) was used. This database
was used to calculate summary statistics and Pearson correlation coefficients, as well as create prediction equations
using simple linear regression and multiple linear regression modeling. Subjective color determined with NPPC
(NPPC, 1999) color standards was weakly correlated (r ≤
|0.35|; P < 0.01) with instrumental L*, a*, and b* when
measured with a Minolta colorimeter. Marbling evaluated
using NPPC (1999) marbling standards was moderately
correlated (r = 0.48; P < 0.0001) with i.m. lipid percentage. The results of this review indicate the need for the
meat science research community to acknowledge that
NPPC color and marbling scores may differ significantly
on a study-to-study basis when attempting to standardize with Minolta colorimeter readings and i.m. lipid percentage with various extraction procedures. In conclusion,
this review focused on the correlations of subjective pork
evaluation with instrumental pork measurements since the
creation of the NPPC standards for subjective evaluation.
This review emphasizes the need to better understand and
interpret methodology when making study-to-study comparisons in regard to evaluation of pork quality.

In 1999 the National Pork Producers Council (NPPC)
adopted standards for color and marbling of pork. These
standards were photographed by a group of leading meat
scientists at the time (Berg, 2000) and to this day are used
by the pork industry and meat scientists to determine color and marbling of pork (North American Meat Institute,
2017). The fresh cut surface of the loin is evaluated for
subjective color [1 (pale pinkish gray to white) to 6 (dark
purplish red); NPPC, 1999] and marbling (corresponding
to 1 to 10% i.m. lipid in lean tissue; NPPC, 1999). Subjective pork quality evaluated by a trained person is typically
thought to be highly correlated with instrumental evaluation of color measured with a colorimeter device, and
likewise, marbling is expected to be highly correlated with
extractible i.m. lipid content (Huff-Lonergan et al., 2002;
Cannata et al., 2010). Previous studies (Brewer et al.,
2001; Huff-Lonergan et al., 2002; Arkfeld et al., 2015) have
evaluated correlations of quality parameters in pork from
the same study observed by either one trained individual
or a small group of trained individuals (intra-observer
variation). Huff-Lonergan et al. (2002) reported r = −0.69
and 0.57 between subjective color and L*, and between
marbling and i.m. fat, respectively. Although this study
suggests subjective evaluations of color and marbling were
moderately correlated with instrumental measurement,
there has not been a previous review that has built a
database of studies evaluating pork quality with NPPC
standards and investigated the relationship of these standards with their accompanying instrumental pork quality
measurements (inter-observer variation). Thus, the objective was to investigate the correlation between subjective
evaluation of color and marbling with the instrumental
measurement of color and i.m. lipid composition.

Key words: pork, pork color, pork marbling, pork quality, subjective evaluation

MATERIALS AND METHODS
Data Collection
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Animal Care and Use Committee approval was not obtained for this review because no animals were used.
A total of 454 population or treatment group means
from 101 peer-reviewed studies from various institutions
across the world were used (Table 1). Several sorting cri-
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teria were used while building the database. All summarized data were from experiments where data were collected on the cut surface of pork loins (longissimus thoracis
and lumborum). Studies had to have reported subjective
evaluation of color, marbling, or both using NPPC official color and marbling standards (NPPC, 1999) or NPPC
pork composition and quality assessment procedures
(NPPC, 2000). Studies had to have reported instrumental color with Commission Internationale de l’Eclairage
(CIE, 1978) standards using a Minolta colorimeter (Minolta Camera Co., Osaka, Japan) for instrumental L*
(lightness), a* (redness), and b* (yellowness), or i.m. lipid
composition measured with various methods of ether or
methanol extraction. Studies reporting instrumental L*
(lightness), a* (redness), and b* (yellowness) measurements using a Hunter Lab (Hunter Associates Laboratory
Inc., Reston, VA) were excluded, because there were more
available studies using the Minolta colorimeter than the
Hunter Lab. Additionally, the NPPC (1999) specifically
references Minolta colorimeter L* values to accompany
color standards rather than Hunter Lab L* values. Although most researchers prefer to record data in whole
numbers, some researchers have transitioned to recording
data to the nearest half number to provide a more precise
estimate of color, but ultimately the same scoring system
is used across the meat industry and in the studies evaluated in this review. When available, additional parameters
that were used in this review were firmness (measured
based on the 3-point scale outlined in NPPC, 1991, or
the 5-point scale outlined in NPPC, 1999), ultimate pH,
moisture percentage, and drip-loss percentage (measured
at 24 or 48 h).
A limitation of this database was each study varied in
their experimental design and research goals. Thus, data
from the studies used in this review varied in preharvest
management (nutrition, genetics, age, and so on), slaughter procedures (stunning technique, time before chilling,
and so on), and postmortem management (storage time,
storage procedures, packaging before evaluation, and so
on). Although these factors were certainly noteworthy, it
is important to realize the objective of this review was
to investigate the inter-observer and between-study variation present between subjective evaluation of color and
marbling with the instrumental measurement of color and
i.m. lipid composition, respectively. Therefore, differences
caused by preharvest management, slaughter procedures,
and postmortem management should have little effect on
the interpretation of the data in regard to the study objectives.

Statistical Analysis
Population or treatment group means served as the experimental unit for analyses. Summary statistics for quality traits used in correlations were computed using PROC
MEANS of SAS (version 9.4; SAS Institute Inc., Cary,
NC). Distribution and probability for variables were plot-
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ted using PROC UNIVARIATE of SAS. Pearson correlation coefficients were calculated among all parameters
using PROC CORR of SAS. Correlations were considered
weak at r < |0.35|, moderate at |0.36| ≤ r < |0.67|, and
strong at r ≥ |0.68| (Taylor, 1990). Coefficients of determination (R2) were considered weak at R2 <0.12, moderate
at 0.13 ≤ R2 < 0.45, and strong at R2 ≥0.46. Relationships
between meaningful subjective evaluations and instrumental measurements were further analyzed with linear regression modeling using PROC REG of SAS. A multiple linear
regression model was used with the dependent variable
of NPPC color and independent variables of L*, a*, and
b*. The regression coefficient, SE, probability level, and
variance inflation factor were reported for the intercept
and each independent variable. Simple linear regression
models were used as predictions of instrumental measurements (L*, a*, b*, pH, and i.m. lipid percentage) using
subjective evaluation (NPPC color, drip loss, and NPPC
marbling). Equations including regression coefficients and
coefficients of determination (R2) were reported. The predictions were shown as scatter plots, which were created
using PROC GPLOT of SAS.

RESULTS AND DISCUSSION
Pork in North America is typically marketed using a
grid system based on cutability estimates that factor in
carcass weight, instrumental measurement of fat, and instrumental measurement of muscling (Pomar and Marcoux, 2003; Johnson et al., 2004; Meyer, 2005). Given the
fact that pork does not currently receive quality grades
like beef, measurements of quality, such as color, marbling,
and firmness, are typically not assessed for the purpose of
assigning value in the commercial pork industry (North
American Meat Institute, 2017). However, from a research
standpoint meat scientists and the NPPC have worked together to establish industry standards for color, marbling,
and firmness. The purpose of this review was to use peerreviewed studies that have used these industry standards
and investigate the amount of inter-observer and betweenstudy variation was present.
Summary statistics are presented in Table 2 and were
representative of subjective evaluation and instrumental
measurements of fresh pork. Probability and distribution
plots are presented in Figure 1 for the subjective evaluation of pork color and marbling, i.m. lipid percentage, and
instrumental color (L*, a*, and b*).

Color
Color is used as a general indicator of pork quality, and
several reviews and research studies indicate that color is
a major quality characteristic affecting consumer purchase
intent (Wachholz et al., 1978; Brewer and McKeith, 1999;
Norman et al., 2003). Several studies (Huff-Lonergan et
al., 2002; Nam et al., 2009; Boler et al., 2010; Wilson et
al., 2017) have investigated the relationships between color [measured subjectively with NPPC (1999) standards
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Table 1. Studies used for evaluation of National Pork Producers Council subjective quality and instrumental quality
Study (lead author)

Journal1

Year
published

Corresponding author
affiliation

Allison
Apple-1
Apple-2
Apple-3
Apple-3
Apple-5
Apple-6
Apple-7
Apple-8
Arkfeld
Armstrong
Athayde
Berg

J Anim Sci
Meat Sci
J Anim Sci
J Anim Sci
J Anim Sci
J Anim Sci
Meat Sci
J Anim Sci
J Anim Sci
J Anim Sci
J Anim Sci
J Anim Sci
Meat Sci

2005
2001
2003
2004
2004
2005
2007
2007
2008
2016
2004
2012
2011

Bertol
Bidner
Bohrer
Boler-1
Boler-2
Boler-3
Boler-4
Boler-5
Boler-6
Braña

Meat Sci
Meat Sci
J Anim Sci
Meat Sci
J Anim Sci
J Anim Sci
J Anim Sci
J Anim Sci
Prof Anim Sci
J Anim Sci

2013
2004
2014
2009
2011
2012
2012
2014
2014
2013

Camp
Cannata
Carr-1
Carr-2
Carr-3
Choe
Choi
Clark
Copenhafer
Crawford
Crosswhite
Dokmanovic
Edwards-1
Edwards-2
Edwards-3
Egea
Faucitano

J Anim Sci
Meat Sci
J Anim Sci
J Anim Sci
J Anim Sci
Meat Sci
Meat Sci
J Anim Sci
Meat Sci
Meat Sci
Prof Anim Sci
Meat Sci
J Anim Sci
Meat Sci
Meat Sci
Meat Sci
Meat Sci

2003
2010
2005
2005
2006
2014
2012
2014
2006
2010
2013
2014
2003
2010
2010
2016
2005

Fernández-Dueñas
Gentry-1
Gentry-2
Gentry-3
Gooding
Gowanlock
Guzik-1

J Anim Sci
J Anim Sci
J Anim Sci
J Anim Sci
Meat Sci
J Anim Sci
J Anim Sci

2008
2002
2002
2002
2009
2013
2005

Michigan State University
University of Arkansas
University of Arkansas
University of Arkansas
University of Arkansas
University of Arkansas
University of Arkansas
University of Arkansas
University of Arkansas
University of Illinois
University of Missouri
Univ Estadual Paulista
North Dakota State
University
Embrapa Suínos e Aves
University of Illinois
The Ohio State University
University of Illinois
University of Illinois
University of Illinois
University of Illinois
University of Illinois
University of Illinois
Centro Nacional
de Investigación
Disciplinaria-Fisiología,
Instituto Nacional de
Investigaciones Forestales,
Agrícolas y Pecuarias
Louisiana State University
University of Milan
University of Illinois
University of Illinois
University of Missouri
Korea University
Michigan State University
University of Illinois
Purdue University
The Ohio State University
University of Florida
University of Belgrade
Michigan State University
Colorado State University
Colorado State University
University of Murcia
Lacombe–Agriculture and
Agri-Food Canada
University of Illinois
Texas Tech University
Texas Tech University
Texas Tech University
University of Illinois
The Ohio State University
Louisiana State University

Study doi name
10.2527/2005.833671x
10.1016/s0309-1740(00)00075-9
10.2527/2003.811172x
10.2527/2004.82113267x
10.2527/2004.82113277x
10.2527/2005.8371633x
10.1016/j.meatsci.2006.10.006
10.2527/jas.2006-231
10.2527/jas.2007-0327
10.2527/jas.2016-0886
10.2527/2004.82113245x
10.2527/jas.2012-5102
10.1016/j.meatsci.2011.01.022
10.1016/j.meatsci.2012.11.012
10.1016/j.meatsci.2003.10.018
10.2527/jas.2014-7756
10.1016/j.meatsci.2009.08.012
10.2527/jas.2010-3640
10.2527/jas.2011-4071
10.2527/jas.2012-5266
10.2527/jas.2013-6863
10.15232/pas.2014-01320
10.2527/jas.2013-6545

10.2527/2003.81102488x
10.1016/j.meatsci.2010.02.011
10.2527/2005.831223x
10.2527/2005.83122886x
10.2527/2006.844910x
10.1016/j.meatsci.2014.01.024
10.1016/j.meatsci.2012.04.023
10.2527/jas.2014-8283
10.1016/j.meatsci.2012.04.023
10.1016/j.meatsci.2009.10.019
10.15232/S1080-7446(15)30247-3
10.1016/j.meatsci.2014.06.003
10.2527/2003.8181895x
10.1016/j.meatsci.2010.02.012
10.1016/j.meatsci.2010.07.020
10.1016/j.meatsci.2015.08.008
10.1016/j.meatsci.2004.09.010
10.2527/jas.2008-0899
10.2527/2002.8071707x
10.2527/2002.8071781x
10.2527/2002.80112833x
10.1016/j.meatsci.2008.08.016
10.2527/jas.2013-6608
10.2527/2005.8361303x
Continued
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Table 1 (Continued). Studies used for evaluation of National Pork Producers Council subjective quality and instrumental
quality
Study (lead author)

Journal1

Year
published

Corresponding author
affiliation

Guzik-2
Hamilton-1
Hamilton-2
Harris

J Anim Sci
Meat Sci
Meat Sci
Prof Anim Sci

2006
2003
2003
2012

Holmer-1
Holmer-2
Hyun
James
Kutzler
Lee-1
Lee-2
Lee-3
Leheska

Meat Sci
Meat Sci
J Anim Sci
J Anim Sci
J Anim Sci
Meat Sci
J Anim Sci
J Anim Sci
J Anim Sci

2008
2009
2005
2013
2011
2012
2012
2013
2002

Lei
Leick
Lim
Little
Lowe-1
Lowe-2
Lu
Martínez-Ramírez
Mateo
Matthews-1
Matthews-2
Mendoza
Moeller-1
Moeller-2
Monteiro

J Anim Sci
J Anim Sci
Meat Sci
J Anim Sci
J Anim Sci
Prof Anim Sci
J Anim Sci
J Anim Sci
J Anim Sci
J Anim Sci
J Anim Sci
J Anim Sci
Meat Sci
Meat Sci
Live Sci

2014
2010
2015
2015
2014
2016
2014
2014
2007
2006
2003
2010
2010
2010
2017

Newman

J Anim Sci

2011

Overholt
Puls
Purslow
Richardson
Rincker
Rohrer

J Anim Sci
J Anim Sci
Meat Sci
Meat Sci
J Anim Sci
Meat Sci

2016
2015
2008
2017
2008
2012

Sawyer
Scheffler
Shackelford

J Anim Sci
Meat Sci
J Anim Sci

2007
2013
2012

Shelton
Skinner
Springer
Stahl
Stearns
Stein

J Anim Sci
J Anim Sci
J Anim Sci
Meat Sci
J Anim Sci
J Anim Sci

2003
2014
2003
2003
2005
2006

Stoller
Strong

J Anim Sci
Prof Anim Sci

2003
2015

Louisiana State University
University of Illinois
University of Illinois
North Dakota State
University
University of Illinois
University of Illinois
University of Illinois
Kansas State University
University of Illinois
Korea University
University of Illinois
University of Illinois
South Dakota State
University
Dankook University
University of Illinois
Korea University
University of Illinois
University of Illinois
University of Illinois
Virginia Tech
University of Guelph
Texas Tech University
Louisiana State University
Louisiana State University
University of Illinois
The Ohio State University
The Ohio State University
Universidade Federal do
Rio Grande do Sul
North Dakota State
University
University of Illinois
University of Illinois
University of Guelph
University of Illinois
University of Illinois
USDA Meat Animal
Research Center
University of Arkansas
Virginia Tech
USDA Meat Animal
Research Center
Louisiana State University
University of Guelph
Texas Tech University
University of Missouri
University of Illinois
South Dakota State
University
The Ohio State University
University of Florida

Study doi name
10.2527/jas.2005-292
10.1016/S0309-1740(02)00079-7
10.1016/S0309-1740(02)00291-7
10.15232/S1080-7446(15)30310-7
10.1016/j.meatsci.2007.09.004
10.1016/j.meatsci.2008.12.008
10.2527/2005.8371581x
10.2527/jas.2011-4287
10.2527/jas.2010-3601
10.1016/j.meatsci.2011.07.012
10.2527/jas.2012-5129
10.2527/jas.2012-5328
10.2527/2002.80123194x
10.2527/jas.2013-6749
10.2527/jas.2009-2472
10.1016/j.meatsci.2015.07.025
10.2527/jas.2014-8359
10.2527/jas.2013-7515
10.15232/pas.2015-01466
10.2527/jas.2013-7112
10.2527/jas.2013-6607
10.2527/jas.2006-067
10.2527/jas.2005-292
10.2527/2003.811191x
10.2527/jas.2010-2873
10.1016/j.meatsci.2009.06.023
10.1016/j.meatsci.2009.12.011
10.1016/j.livsci.2010.07.023
10.2527/jas.2010-3000
10.2527/jas.2015-0202
10.2527/jas.2014-8097
10.1016/j.meatsci.2008.05.022
10.1016/j.meatsci.2017.02.024
10.2527/jas.2007-0490
10.1016/j.meatsci.2012.05.020
10.2527/jas.2006-262
10.1016/j.meatsci.2013.04.019
10.2527/jas.2011-4855
10.2527/2003.81102515x
10.2527/jas.2013-6743
10.2527/2003.8161464x
10.1016/S0309-1740(02)00176-6
10.2527/2005.8371481x
10.2527/jas.2005-744
10.2527/2003.8161508x
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Table 1 (Continued). Studies used for evaluation of National Pork Producers Council subjective quality and instrumental
quality
Study (lead author)

Journal1

Year
published

Corresponding author
affiliation

Tavárez
Wang-1
Wang-2

J Anim Sci
J Anim Sci
Live Sci

2014
2011
2011

Widmer

J Anim Sci

2008

Wright
Yang

Meat Sci
Meat Sci

2005
2015

Yoon

J Anim Sci

2010

Zhao

J Anim Sci

2013

University of Illinois
Dankook University
Guangdong Academy of
Agricultural Sciences
South Dakota State
University
Colorado State University
Sichuan Agricultural
University
Kangwon National
University
Dankook University

Study doi name
10.2527/jas.2013-7522
10.2527/jas.2009-1800
10.1016/j.livsci.2010.07.023
10.2527/jas.2007-0594
10.1016/j.meatsci.2005.04.024
10.1016/j.meatsci.2015.05.026
10.2527/jas.2008-1741
10.2527/jas.2012-5393

Journal abbreviations: J Anim Sci = Journal of Animal Science; Meat Sci = Meat Science; Live Sci = Livestock Science; Prof
Anim Sci = The Professional Animal Scientist.

1

or instrumentally with a Minolta colorimeter L*, a*, and
b*] and other pork quality attributes, such as pH, muscle
fiber characteristics, biochemical measurements (glycogen,

lactate, and glycolytic potential), and sensory characteristics. Subjective color and 24-h pH were previously reported as weakly correlated (r = 0.30; Huff-Lonergan et

Figure 1. Distribution and probability plots for subjective color, subjective marbling, i.m. lipid percentage, and instrumental color
measured with a Minolta colorimeter (Minolta Camera Co., Osaka, Japan). NPPC = National Pork Producers Council. Within each
parameter’s distribution and probability plot, the upper left figure is a histogram of values for the given parameter. The upper right is
a box and whisker plot, where the box is made up of the bottom line indicating quartile 1 (25th percentile) and the top line indicating
quartile 3 (75th percentile). The center line in the box is the median, and the diamond in the box is the mean. The whiskers indicate
the maximum and minimum (excluding outliers). Outliers (greater than 1.5 times the upper or lower quartile) are indicated by the
dots above or below the whiskers. The bottom figure is a plot of normal quantiles, which plots the observations on the Y axis plotted
against the expected normal score (Z-score) on the X axis.
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Table 2. Population summary statistics of subjective pork quality evaluation and instrumental
pork quality measurements
Parameter

n

Subjective evaluation
NPPC color (1 to 6)
NPPC marbling (%)
NPPC firmness (1 to 3)
NPPC firmness (1 to 5)
Instrumental measurement
L* (lightness)2
a* (redness)2
b* (yellowness)2
Ultimate pH
Moisture (%)
Intramuscular lipid (%)
Drip loss3 (%)

Mean

SD

Minimum

Maximum

CV (%)

1

453
444
68
248

2.92
2.03
2.08
2.69

0.50
0.55
0.29
0.54

1.58
0.96
1.40
1.46

4.10
4.08
2.86
4.90

17.22
27.31
14.13
20.15

453
438
438
374
113
147
338

50.77
7.74
8.06
5.60
74.02
2.48
3.94

4.66
4.16
5.19
0.12
0.96
0.85
2.17

36.63
−1.90
−4.40
5.34
70.30
1.22
0.20

63.58
20.21
20.60
6.02
76.03
6.02
13.32

9.18
53.74
64.41
2.22
1.30
34.24
55.00

Subjective evaluation based on National Pork Producers Council (NPPC) color, marbling, and
firmness (1 to 3) using the 1999 standards, and firmness (1 to 5) using the 1991 standards.
2
Instrumental color measured in accordance to Commission Internationale de l’Eclairage (CIE,
1978) standards using a Minolta colorimeter (Minolta Camera Co., Osaka, Japan).
3
Various methods were used for drip loss; 24-h drip loss and 48-h drip loss were combined.
1

al., 2002) to moderately correlated (r = 0.50; Boler et al.,
2010). Color, measured subjectively with NPPC (1999)
standards or instrumentally with a Minolta colorimeter
L*, a*, and b*, were reported as weakly correlated (r ≤
|0.23|) and poor predictors (R2 ≤0.05) of trained sensory
panel characteristics (tenderness, juiciness, flavor, and offflavor) by multiple studies (Huff-Lonergan et al., 2002;
Nam et al., 2009; Wilson et al., 2017). Huff-Lonergan et
al. (2002) reported a negative correlation (r = −0.69) between subjective color and Hunter L* (lightness) using
525 pork loins. Although these findings certainly are valuable and can help the industry better understand the rela-

tionships between pork quality attributes, it is important
for the pork industry to take a step back and investigate
whether pork quality is being measured similarly across
studies using the subjective measurements established by
NPPC (1999), such that comparisons across studies can be
made with proper inference.
Color measured with NPPC (1999) standards was a
poor predictor (R2 ≤0.14) of L* (lightness), a* (redness),
b* (yellowness), pH, and drip loss (Figures 2 through 5).
Color measured with NPPC (1999) standards was weakly
correlated (r ≤ |0.35|; P < 0.01) with instrumental L*
(lightness), a* (redness), and b* (yellowness; Table 3).

Figure 2. Prediction of Minolta L* (Minolta Camera Co., Osaka,
Japan) using National Pork Producers Council (NPPC) color as
the independent variable.

Figure 3. Prediction of Minolta a* (Minolta Camera Co., Osaka,
Japan) using National Pork Producers Council (NPPC) color as
the independent variable.
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Figure 4. Prediction of Minolta b* (Minolta Camera Co., Osaka,
Japan) using National Pork Producers Council (NPPC) color as
the independent variable.

In fact, several other quality parameters had greater correlation coefficients with NPPC color than instrumental
L*, a*, and b*. For example, NPPC color was moderately
correlated with NPPC (1991) firmness (r = 0.47; P <
0.0001), ultimate pH (r = 0.37; P < 0.0001), and drip
loss (r = −0.54; P < 0.0001). Interestingly, L* (lightness)
was moderately correlated with a* (redness; r = 0.50; P
< 0.0001) and b* (yellowness; r = 0.47; P < 0.01). When
used together in a regression equation with NPPC color
serving as the dependent variable, the combination of L*
(lightness), a* (redness), and b* (yellowness) explained
only 26% of the variation present in NPPC color (Table
4). All other quality parameters measured in this review
were weakly correlated (r ≤ |0.35|) with L* (lightness), a*
(redness), and b* (yellowness).
Tapp et al. (2011) explained how color of meat products
is being measured by meat scientists and suggested the
need for researchers to include greater information for interpretation of study results and that a standardized set
of minimum reportable parameters for meat color evaluation should be identified. The findings of this review supported this work and further indicated a need for meat
science researchers to put greater emphasis on training
and standardizing individuals using scoring systems for
subjective evaluation of color and marbling. Furthermore,
greater standardization and transparency with the protocols used to assess instrumental measurements of color are
necessary. It is interesting the minimum and maximum for
a* (redness) and b* (yellowness) had such a great range
at −1.90 to 20.21 and −4.40 to 20.60, respectively. This
is undoubtedly the result of either improper calibration of
the Minolta colorimeter, or different settings being used
on the Minolta colorimeter, including, but maybe not
limited to, color–light space, aperture size, and observer
settings. This is an area the meat industry and meat scientists within the meat industry should take upon themselves to resolve so that more inference can be made from

Figure 5. Prediction of pH using National Pork Producers
Council (NPPC) color as the independent variable.

previous studies. Accordingly, greater standardization of
instrumental measurements will help future research build
upon previous research in a more cohesive manner. Furthermore, improved standardization will be critical if pork
becomes marketed on a value-based system in the future,
because color will undoubtedly be a major contributor to
determining quality of fresh pork.

Marbling
Marbling is generally used along with color as an indicator of pork quality; however, recent research has been conflicting on the relationship between marbling and eating
quality of pork. Cannata et al. (2010) grouped loin chops
into 3 marbling scores based on i.m. fat content measured
with petroleum ether extraction (1 = 1.96% i.m. fat; 2 =
2.50% i.m. fat; and 3 = 3.56% i.m. fat). That study reported improvements in trained sensory tenderness when
marbling was greater (marbling score 1 to 3 improvement
was 1.47 units on an 8-point scale) and trained sensory
juiciness when marbling was greater (marbling score 1 to 3
improvement was 1.18 units on an 8-point scale; Cannata
et al., 2010). In addition, Cannata et al. (2010) reported
r = 0.485, 0.198, 0.266, and 0.181 between tenderness and
marbling or i.m. fat and between juiciness and marbling
or i.m. fat, respectively. When measuring sensory characteristics of 525 pork chops with a highly trained, professional sensory panel, Lonergan et al. (2007) reported weak
correlations between marbling and tenderness (r = 0.21),
juiciness (r = 0.02), and flavor (r = 0.20). Rincker et al.
(2008) reported marbling does not influence eating quality
(measured with a trained or consumer sensory panel) or
shear force even when cooked to a well-done degree of doneness (71°C). Furthermore, Wilson et al. (2017) reported
extracted lipid content measured with chloroform–methanol extraction was not a useful predictor of trained sensory
tenderness (R2 <0.01) and juiciness (R2 = 0.02) when pork
was cooked to a medium-rare degree of doneness (63°C).

0.33
(<0.0001)

0.19
(0.12)
0.24
(0.05)

NPPC
firmness
(1 to 3)
0.47
(<0.0001)
0.38
(<0.0001)
—
—

NPPC
firmness
(1 to 5)
−0.35
(<0.0001)
−0.24
(<0.0001)
−0.09
(0.48)
−0.18
(<0.01)

L*
(lightness)
−0.26
(<0.0001)
−0.19
(<0.0001)
−0.27
(0.04)
−0.13
(0.04)
0.50
(<0.0001)

a*
(redness)
0.14
(<0.01)
0.01
(0.02)
−0.15
(0.25)
0.18
(<0.01)
0.47
(<0.01)
−0.05
−0.26

b*
(yellowness)
0.37
(<0.0001)
0.29
(<0.0001)
0.49
(<0.0001)
0.20
(<0.01)
−0.23
(<0.0001)
−0.35
(<0.0001)
0.22
(<0.001)

Ultimate
pH
−0.18
(0.05)
−0.37
(<0.0001)
—
—
−0.04
(0.69)
−0.19
(0.04)
−0.28
(<0.01)
−0.15
(0.12)
−0.03
(0.74)

Moisture
(%)

0.04
(0.60)
0.48
(<0.0001)
−0.04
(0.94)
0.04
(0.68)
0.18
(0.03)
0.22
(0.01)
0.10
(0.22)
0.05
(0.56)
−0.85
(<0.0001)

Intramuscular
lipid (%)

−0.54
(<0.0001)
−0.33
(<0.0001)
−0.22
(0.08)
−0.32
(<0.0001)
0.28
(<0.0001)
0.27
(<0.0001)
0.02
(0.75)
−0.34
(<0.0001)
0.12
(0.24)
0.13
(0.16)

Drip
loss4 (%)

2

1

The upper row is the correlation coefficient between traits. The P-value for difference from zero is provided in parentheses.
Subjective evaluation based on National Pork Producers Council (NPPC) color, marbling, and firmness (1 to 3) using the 1999 standards, and firmness (1 to 5) using
the 1991 standards.
3
Instrumental color measured in accordance to Commission Internationale de l’Eclairage (CIE, 1978) standards using a Minolta colorimeter (Minolta Camera Co.,
Osaka, Japan).
4
Various methods were used for drip loss; 24-h drip loss and 48-h drip loss were combined.

Intramuscular lipid (%)

Moisture (%)

Ultimate pH

b* (yellowness)

a* (redness)

L* (lightness)

NPPC firmness (1 to 5)

NPPC firmness (1 to 3)

NPPC marbling (%)

NPPC color (1 to 6)

NPPC
marbling (%)

Table 3. Pearson correlation coefficients (r) of subjective pork quality evaluation and instrumental pork quality measurements1,2,3
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Table 4. Color (dependent variable) affected by L*, a*, and b* (CIE, 1978) determined using
a Minolta colorimeter (Minolta Camera Co., Osaka, Japan; independent variables), R2 = 0.26
Item
Intercept
L*
a*
b*

Regression coefficient

SE

P-value

Variance inflation

5.804
−0.065
0.008
0.042

0.273
0.006
0.006
0.005

<0.0001
<0.0001
0.21
<0.0001

0
1.97
1.55
1.49

Even though there are many studies that have evaluated
the effect subjective marbling or extractable i.m. lipid has
on other quality parameters of pork, very few have actually evaluated how well subjective marbling predicts extractable i.m. lipid in pork. Cannata et al. (2010) reported
a moderate correlation (r = 0.54) between subjective marbling and extractable i.m. lipid (extracted using petroleum ether) using a total of 53 pork loins, whereas HuffLonergan et al. (2002) reported a moderate correlation
(r = 0.57) between subjective marbling and extractable
i.m. lipid (extracted using isopropanol) using a total of
525 pork loins. Similar to color, however, it was expected
that there would be inherent variation in techniques and
protocols between studies that would affect the ability of
marbling to be used as a predictor of i.m. lipid content.
Marbling measured with NPPC (1999) standards was a
moderate predictor (R2 ≤0.23) of i.m. lipid (Figure 6). In
addition, marbling was moderately correlated with moisture (r = −0.37; P < 0.0001) and NPPC (1991) firmness
scores (r = 0.38; P < 0.0001). Intramuscular lipid was
highly correlated with moisture (r = −0.85; P < 0.0001);
otherwise, quality parameters were weakly correlated (r ≤
|0.35|) with marbling, i.m. lipid, and moisture.
This review indicated marbling was a moderate predictor of i.m. lipid content. This is particularly noteworthy

and in most cases marbling is a better predictor of i.m. lipid than indicated in this review, when considering the differences in techniques used to measure i.m. lipid content.
Laboratories use a variety of techniques for lipid extraction using different solvents, including petroleum ether,
chloroform–methanol, isopropanol, and others. It is well
known that the different solvents used for lipid extraction measure different components of lipid. Several studies
have reported lipid extraction solvents can have meaningful effects on the amount of lipid extracted (Bligh and
Dyer, 1959; Dobush et al., 1985; Dow et al., 2011), and
that there are many challenges associated with particular
methods used for lipid extraction (Palmquist and Jenkins,
2003). Dobush et al. (1985) reported the differences in
apparatus, extraction time, and solvent type on lipid extraction, and reported that chloroform–methanol removes
total lipid (neutral and structural) but also extracts a substantial amount of nonlipid contaminants when compared
with petroleum ether. Similarly, Dow et al. (2011) compared lipid extraction in beef LM using extraction with
chloroform–methanol (Folch), extraction with petroleum
ether, or extraction with microwave drying and nuclear
magnetic resonance. That study (Dow et al., 2011) reported differences with using different extraction solvent
as great as 1.72% in heavily marbled steaks (slightly abundant marbling) and differences as great as 0.89% in lowly marbled steaks (slight marbling). Additionally, when
used as a predictor, extraction with petroleum ether was
the best predictor (R2 = 0.859) of marbling, followed by
extraction with microwave drying and nuclear magnetic
resonance (R2 = 0.824), and then extraction with chloroform–methanol (R2 = 0.816; Dow et al., 2011).

IMPLICATIONS

Figure 6. Prediction of i.m. lipid percentage using National
Pork Producers Council (NPPC) marbling as the independent
variable.

The pork industry may shift to a more quality-driven
marketplace in the future. The ability to quickly and accurately predict quality characteristics of interest (most
likely color and marbling) in a commercial setting will be
critical. The evaluation of inter-study variation in this review suggests subjective evaluation of color and marbling
is not a consistent predictor of instrumental quality on a
study-to-study basis. Research groups working on many
diverse areas of research have worked diligently on more
efficient ways to evaluate multiple meat characteristics
quickly and efficiently with devices such as a visible and
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near-infrared spectrophotometer (Cozzolino et al., 2003;
Geesink et al., 2003; Prieto et al., 2009) or hyperspectral
imaging systems (Qiao et al., 2007; Barbin et al., 2012).
It will be important to the pork industry to continue development of new technologies to measure pork quality
rapidly and precisely with instrumental techniques. At
the same time, it is critical for the industry to become
better at evaluating subjective pork quality and become
more consistent with existing instrumental measurements
of pork quality.
Many critical decisions and hypothesis-driven research
are currently being conducted under the assumption that
subjective evaluation of pork quality traits adequately
predicts instrumental measurements of pork quality traits.
This review indicates that this may not be the case from
study to study and research group to research group;
therefore, this assumption may not be valid. It is important for the meat science industry to become aware of
these deficiencies and develop better standardization and
transparency with research methodologies and techniques
so future pork quality research can relate and build upon
existing research.

LWT—Food Sci. Technol. 36:195–202. https://doi.org/10.1016/S0023
-6438(02)00199-8.
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Direct additive, environmental, and phenotypic
variances and covariances and coefficients
of heritability for underline score
in Beefmaster cattle
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ABSTRACT
The objective of this study was to determine estimates
of heritability for underline score (UDLS) and genetic, environmental, and phenotypic correlations (rg, re, rp, respectively) of UDLS with conformation score (CONS), birth
weight (BRWT), weaning weight (WNWT), and yearling
weight (YRWT) in Beefmaster cattle born between 1976
and 2008. Records provided by Beefmaster Breeders United (n = 49,533) for UDLS and CONS and BRWT (n =
10,698), WNWT (n = 22,503), and YRWT (n = 8,316)
were studied. Data were analyzed using single- or 2-trait
animal models with DFREML (Boldman et al., 1993) and
DMU (Madsen and Jensen, 2013). The mixed model included fixed contemporary group effects constructed using
herd, birth year, and sex information. Age of dam and
animal age at inspection were included as covariates. Coefficients of heritability were 0.44 ± 0.01, 0.43 ± 0.01, 0.75
± 0.04, 0.60 ± 0.02, and 0.85 ± 0.06 for UDLS, CONS,
BRWT, WNWT, and YRWT, respectively, from the single-trait analyses. From the 2-trait analyses, coefficients of
heritability for UDLS with CONS, BRWT, WNWT, and
YRWT were 0.43 ± 0.01, 0.35 ± 0.05, 0.39 ± 0.03, and
0.40 ± 0.06, respectively. Coefficient of rg for UDLS with
CONS was −0.16 ± 0.02, UDLS with BRWT was 0.02
± 0.07, ULDS with WNWT was 0.05 ± 0.04, and UDLS
with YRWT was 0.13 ± 0.08 from the 2-trait analyses.
Mean estimated breeding value of UDLS was 0.00 ± 0.40.
These results suggest that artificial selection for UDLS
would be effective in beef breeding programs.
Key words: underline score, heritability, genetic correlation

INTRODUCTION
Breed associations and, consequently, breeders are continuously trying to identify and develop new polygenic
traits. The purpose of new trait development is to pro-
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vide a more complete description of seedstock for artificial
selection. How much emphasis to place on conformation
traits in selection programs has been, and continues to be,
controversial. Earlier studies (Kidwell et al., 1959; Woodward et al., 1959; and Woldehawariat et al., 1977) suggested little association of conformation traits with production
traits. Franke and Burns (1985) reported that increased
preweaning growth rate or weaning weight (WNWT)
could result in a proportionate increase in sheath area at
weaning. In a more recent experiment, Kriese et al. (1991)
reported that Brangus sheath and navel scores could be
improved through artificial selection. Placing some selection pressure on underline score is justified because of the
possibility that underline soundness is not only associated
with growth and reproduction but animal health and animal welfare as well. Also, too little skin in the underline
area may result in the loss of breed character (Kriese et
al., 1991). The impetus for genetic improvement of underline soundness likely results from the cattle industry
discriminating against long pendulous sheaths on bulls because of the associated propensity for injury (Franke and
Burns, 1985) and because offspring of such bulls are often
the target of discrimination in the marketplace (Troxel
and Barham, 2012). Many producers also believe that
bulls with extremely long sheaths lack the physical control
for intromission during natural mating (Franke and Burns,
1985). Therefore, seedstock with large, pendulous sheaths
or deep naval flaps that are moderately heritable have
the potential to produce progeny with unacceptable underlines. Selection programs should include evaluation of
both heifers and bulls for underline soundness. Beefmaster Breeders United (BBU) has a classification system to
describe variation in underline characteristics. Critical to
artificial selection are reliable heritabilities for and genetic
correlations between relevant polygenic traits. Thus, the
objectives of this study were to estimate heritabilities for
and genetic correlations between underline score, conformation score, birth weight, weaning weight, and yearling
weight in Beefmaster cattle born between 1979 and 2007.

MATERIALS AND METHODS
This study used data from an existing database and
required no Animal Care and Use Committee approval.
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Table 1. Sheath and navel scores and their description in Beefmaster cattle1
Description
Score

Sheath

Navel

1 Excessively clean

Tight-hided overall. Lacking
sheath in bulls. Displays a lack
of breed character.
The sheath is of moderate size
and free from excess leather.
The preputial opening is held
tight and at a 45° angle to the
body wall.
Leather in navel area is slightly
in excess of desired amounts.
The preputial opening is >45°
but <90° to the body wall.
Excessive loose leather in
navel area. Sheath is slightly
pendulous. Weak preputial
opening is at a 90° angle to the
body wall.
Sheath is long and pendulous.
Leather in navel area and is
greatly in excess of desired
amounts. Preputial opening may
be large and very weak.

No evidence of navel in cows.
Tight-hided overall. Displays a
lack of breed character.
The navel in cows is evident but
free from excess leather.

2 Optimum

3 Acceptable

4 Marginal

5 Unacceptable

Definite evidence of navel with
leather in excess of desired
amounts.
Navel is large with excessive
loose leather in navel area.

Leather in navel is greatly in
excess of desired amounts.

Source: based on Beefmaster Breeders Universal (1990) published Voluntary Classification
brochure.

1

Field data (n = 92,818) were provided by BBU (San Antonio, TX). Data were primarily records for birth weight
(BRWT), weaning weight (WNWT), yearling weight
(YRWT), conformation score (CONS), and underline
score (UDLS), and a limited amount of ultrasound carcass data was available. In 1979 BBU began voluntarily
reporting observations for UDLS. Because the evaluation
and reporting of phenotype for underlines by individual
breeders was voluntary, there was high selection intensity
for UDLS and, consequently, for other traits reported,
which resulted in considerable variation in the number of
ranches and farms, animals, and years represented. Data
were obtained by individual seedstock breeders and sent for
central processing at BBU offices. Both UDLS and CONS
were determined for each animal by a trained evaluator/
classifier approved by BBU. Underlines for both bulls and
heifers were evaluated/classified on a scale of 1 through 5
with 1 = excessively clean, 2 = optimum, 3 = acceptable,
4 = marginal, and 5 = unacceptable. Presented in Table
1 are the underline scores and the description of the phenotype for each score. This scoring system was similar to
that described for Brangus cattle by Kriese et al. (1991).
Conformation scores were from 1 through 5 with 1 being
most desirable relative to type. In Table 2 are CONS and
the description of the phenotype for each score. In Figure
1 are the frequencies of UDLS in Beefmaster cattle with

birth year 1979 through 2007. Of the 5 UDLS, optimal
and acceptable descriptions were more frequently observed
when compared with cattle with the other 3 scores, and
fewer cattle scored undesirable in comparison with cattle
with the other 4 scores.
Available for analyses after editing were records for
UDLS and CONS (n = 49,577 for each), BRWT (n =
10,618), WNWT (n = 22,503), and YRWT (n = 8,316).
A distribution of observations for UDLS is presented in
Figure 2. The largest annual recordings of ULDS occurred
in 1986 through 2007. These records represented bulls and
heifers of 6,348 BBU breeders. Coefficients of heritability and genetic, environmental, and phenotype correlations were estimated using an animal model and single- or
multiple-trait DFREML (Boldman and Van Vleck, 1991;
Boldman et al., 1993) and DMU (Madsen and Jensen,
2013). Fixed effects of classifier or inspector and contemporary group generated as herd, birth year, and sex were
included in the mixed model. Age of dam and age of animal at inspection were included as fixed covariates. Random effects were animal and residual. Pedigrees of 80,583
animals were included in the additive relationship matrix.
The total, minimum, and maximum numbers of contemporary groups for each trait are presented in Table 3. Phenotypic correlations were estimated using animal additive
genetic and residual variance components computed using
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Figure 1. Frequency of sheath and navel scores in Beefmaster cattle with birth years 1979 through 2007.

REML (Boldman et al., 1993). Standard errors of variance
components are obtained as square roots of the inverse of
the information matrix. Standard errors of heritabilities
and correlations were estimated using a Taylor series approximation. Breeding values were estimated according to
procedures in DMU5 (Madsen and Jensen, 2010). Breeding values in a mixed animal model are given by the predictions of random animal effects.

RESULTS AND DISCUSSION
Direct additive, environmental, and phenotypic variances and coefficients of heritability for UDLS, CONS,
BRWT, WNWT, and YRWT in Beefmaster cattle with
birth years 1979 through 2007 from the single-trait analyses are shown in Table 4. Trait CONS had smaller estimates of additive, environmental, and phenotypic vari-

ances than UDLS. Considering the 3 growth traits in the
single-trait analyses, YRWT had the greatest additive
variance, and the environmental variance was greater for
WNWT. Of the 3 growth traits, BRWT had the smallest estimates of additive, environmental, and phenotypic
variance. The additive proportion of the total variance for
growth was greater than the environmental proportion of
the total variance. Coefficients of heritability were 0.44
± 0.01, 0.43 ± 0.01, 0.75 ± 0.04, 0.60 ± 0.02, and 0.85
± 0.06 for UDLS, CONS, BRWT, WNWT, and YRWT,
respectively, from the single-trait analyses.
In general, coefficients of heritability for UDLS, CONS,
BRWT, WNWT, and YRWT were similar from the single- and 2-trait analyses because estimates of covariances
between UDLS and the other 4 traits were all near zero
(Table 5). Thus, information from one trait had little to

Table 2. Description of conformation scores in Beefmaster cattle1
Conformation 1

Conformation 2
Conformation 3
Conformation 4
Conformation 5

1

Both female and male exemplify exceptional Beefmaster breed characteristics. The male displays
masculinity and strong, straight lines, and the female is very feminine, clean fronted and blends
smooth. They are strong in their top line, are provided with great depth and width of body, and are
correct on their feet and legs. The udder and testicles are well developed and have ample pliable skin.
These traits combined with their overall conformation place them within the parameters of a number 1
conformation.
This male or female is lacking in overall body length and balance. They are thicker and coarser through
the front end and lack depth in the hindquarters.
The male is lacking in overall thickness and a masculine appearance. He needs more body capacity.
The female needs to be more angular in overall appearance. She lacks balance.
Both male and female are shorter in length, coarse and thick through the front end, and lack body
capacity. They need more breed character strength.
Both male and female are plain, coarse shouldered, and extremely short and round in their rump
structure. They are frail in bone and foot shape and are very low volume. They lack muscling and body
capacity and are very weak in breed character.

Source: based on Beefmaster Breeders Universal (1990) published Voluntary Classification brochure.
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Figure 2. Distribution of sheath and navel scores by birth year in Beefmaster cattle with birth years 1979 through 2007.

no effect on the estimation of the heritability of another
trait. Estimates of heritability from the 2-trait analyses in
Table 5 of UDLS with CONS, UDLS with BRWT, UDLS
with WNWT, and UDLS with YRWT were 0.43 ± 0.01,
0.35 ± 0.05, 0.39 ± 0.03, and 0.40 ± 0.06, respectively.
Coefficients of heritability of UDLS in these data are in
agreement with the estimate of heritability of sheath and
naval score in Beefmaster cattle reported by Franke and
Burns (1985). The coefficients of heritability determined
from these data for UDLS of Beefmaster cattle is greater
than the estimates of sheath (0.20) and naval scores (0.24)
in the Brahman influenced breed of Brangus (Kriese et al.,
1988). There is a paucity of data on heritability of CONS in
beef cattle. Shelby et al. (1955) reported that no estimates
of heritability were available for CONS. However, some
type traits are indicative of CONS. In these data, from the
single-trait analysis, a coefficient of heritability for CONS
was 0.43 ± 0.01. From the 2-trait analysis of these data,
a coefficient of heritability of 0.44 ± 0.01 was found for
CONS. Although less than the coefficient found in these

Table 3. Total, minimum, and maximum numbers of
animal records in contemporary groups by trait studied
in Beefmaster cattle with birth years 1979 through 2007
Trait, no. of
animal records
in contemporary
groups
Underline score
Conformation score
Birth weight
Weaning weight
Yearling weight

Total

Minimum

Maximum

10,836
10,836
2,467
5,398
1,701

2
2
2
2
2

45
45
15
20
11

data, a coefficient of heritability (0.25) averaged over 9
type traits was reported for beef cattle using 12 breeds in
the Czech Republic (Veselá et al., 2006). A greater coefficient of heritability than the 0.44 ± 0.01 in these data was
found for a subjective visual weaning type score of 0.50 in
an Angus herd, from a parent offspring regression (Kroger
and Knox, 1952). However, a coefficient of heritability of
0.30 was found by Kroger and Knox (1952) for the same
subjective visual weaning type score. Knapp and Clark
(1950) reported a coefficient of heritability for a subjective
visual weaning score of 0.28. In Charolais cattle in Spain,
El-Saied et al. (2006) found a direct heritability estimate
of 0.52 for the conformation trait of general appearance.
In a study of beef type characteristics, Christian et al.
(1965) found average estimates of heritability across these
traits of 0.88 and 0.73 using identical and fraternal twins’
data, respectively.
Estimates of heritability for growth traits in these data
from the single- and 2-trait analyses are high. Other researchers have found high coefficients of heritability for
BRWT in beef cattle. The coefficients of heritability of
0.75 for BRWT in these data for Beefmaster cattle are in
agreement with those in other works: Andries et al. (1994)
reported 0.87 in crosses of Angus, Brahman, Charolais,
and Hereford; Brown et al. (1990) reported 0.68 in Hereford; and Mackinnon et al. (1991) reported 0.61 in Zebu
crosses. Coefficients of heritability for BRWT obtained in
these data are greater than those reported by Bourdon
(2000) of 0.40 across breeds; by Kriese et al. (1991) of
0.22, 0.34, 0.37, and 0.28 in Beefmaster, Santa Gertrudis, Brahman, and Brangus, respectively; by Brown et al.
(1990) of 0.42 in Angus; by El-Saied et al. (2006) of 0.36 in
Charolais; by Norris et al. (2004) of 0.36 in Nguni; by van
Niekerk and Neser (2006) of 0.09 in Limousin; and by BIF
(2016) of 0.14 in Beefmaster. The coefficient of heritability of 0.60 for WNWT in these data is in agreement with
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Table 4. Estimates of direct additive, environmental, and phenotypic variances and coefficients
of heritabilities for underline score, conformation score, birth weight, weaning weight, and
yearling weight in Beefmaster cattle with birth years 1979 through 2007 from the single-trait
analyses
Estimate of variance
Performance trait

Additive

Environmental

Phenotypic

Coefficient of
heritability

Underline score
Conformation score
Birth weight
Weaning weight
Yearling weight

0.24
0.21
61.74
3,550.63
8,352.19

0.31
0.27
20.20
2,324.62
1,441.12

0.55
0.49
81.94
5,875.25
9,793.31

0.44 ± 0.01
0.43 ± 0.01
0.75 ± 0.04
0.60 ± 0.02
0.85 ± 0.06

those reported by other researchers: Kriese et al. (1991)
of 0.72 in Beefmaster and 0.63 in Brahman; Brown et al.
(1990) of 0.66 in Hereford; and Lopes et al. (2013) of 0.61
in Polled Nellore. The coefficient of heritability of 0.60
for WNWT was greater than coefficients of heritability
reported by other workers: Bourdon (2000), 0.40 across
breeds; Kriese et al. (1991), 0.44 in Santa Gertrudis and
0.48 in Brangus. Likewise Andries et al. (1994) reported
0.48 in crosses of Angus, Brahman, Charolais, and Hereford; Mackinnon et al. (1991), 0.20 in crossbreeds; van
Niekerk and Neser (2006), 0.19 in Limousin; El-Saied et
al. (2006), 0.36 in Charolais; Norris et al. (2004), 0.29 in
Nguni; and BIF (2016), 0.18 in Beefmaster cattle. The
coefficient of heritability of 0.85 for YRWT found in these
data for Beefmaster cattle is in agreement with the estimate of 0.72 in Polled Nellore cattle (Lopes et al., 2013).
These data are not in agreement with heritability estimates of 0.40 reported by Bourdon (2000) across breeds,
0.25 reported by Mackinnon et al. (1991) for Bos indicus
crossbreds, 0.16 reported by van Niekerk and Neser (2006)
for Limousin, and 0.75 reported by Norris et al. (2004) in
Nguni cattle.
In general, growth traits are quite heritable; however,
coefficients of heritability for all traits in these data are
greater than those reported for Beefmaster and other

Brahman-derivative breeds. It is not clear as to why estimates of heritability for traits in these data are greater
than those previously reported. The following comments
may provide some clarity as to why estimates for growth
traits in these data are high in comparison with those
previously reported. First, these data represent a highly
selected population. Breeder discretion resulted in high
selection intensity for UDLS, which means that breeders
were very careful in selecting only the best for evaluation
of UDLS, resulting in high aggregate breeding value for
UDLS, CONS, BRWT, WNWT, and YRWT. Second, the
approach to the analysis of data is generally an acceptable
one. The use of contemporary groups and mathematical
adjustment of records resulted in a lower environmental
variance, which subsequently increased heritability estimates. The small SE of the estimates are indicative of
precision of the estimates (Falconer and Mackay, 1996).
Third, there were good genetic ties across contemporary
groups. Finally, heritability is not fixed; it varies from
population to population and environment to environment
(Bourdon, 2000).
The coefficients of genetic correlation of UDLS with
CONS, UDLS with BRWT, UDLS with WNWT, and
UDLS with YRWT were −0.16 ± 0.02, 0.02 ± 0.07, 0.05
± 0.04, and 0.13 ± 0.08, respectively (Table 5). The ge-

Table 5. Estimates of direct genetic variances and covariances, genetic correlations, and heritability for underline score,
conformation score, birth weight, weaning weight, and yearling weight in Beefmaster cattle with birth years 1979 through
2007 from the 2-trait analyses
Genetic estimate
Trait 1

Trait 2

Variance Variance
trait 1
trait 2
Covariance

Conformation score
Birth weight
Weaning weight
Yearling weight

Underline score
Underline score
Underline score
Underline score

0.22
61.74
3,548.78
8,341.46

0.24
0.18
0.20
0.21

−0.04
0.06
1.24
5.26

Genetic
correlation
−0.16 ± 0.02
0.02 ± 0.07
0.05 ± 0.04
0.13 ± 0.08

Heritability
trait 1
0.44 ± 0.01
0.75 ± 0.04
0.60 ± 0.02
0.85 ± 0.06

Heritability
trait 2
0.43 ± 0.01
0.35 ± 0.05
0.39 ± 0.03
0.40 ± 0.06
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netic correlation of UDLS with CONS was small and negative, indicating that some genes influencing the expression of UDLS and CONS work in the opposite direction.
As the expression of UDLS increased, the expression in
CONS decreased. This relationship may be the result of
the scale for scoring these traits, in that 1 is the better
CONS and 5 is the poorer UDLS. The genetic correlations
between UDLS and the growth traits of BRWT, WNWT,
and YRWT were small and positive, indicating that a few
of the genes that influence the expression of these growth
traits also influenced the expression of UDLS. The genetic
correlations found in these data between UDLS and CONS
are smaller than the genetic correlations between general
appearance type score and muscularity (0.88) score and
skeletal size score (0.86) in Charolais cattle. The genetic
correlation coefficients between general appearance type
score with BRWT and WNWT were 0.09 and 0.47, respectively, in Charolais cattle. The coefficient of genetic correlation between BRWT and WNWT reported by Abdullah
and Olutogun (2006) was 0.53. Andries et al. (1994) found
that the genetic correlation between BRWT and WNWT
was 0.79.
In Table 6 are the estimates of environmental variances
and covariances and environmental correlations for UDLS
with CONS, BRWT, WNWT, and YRWT in Beefmaster cattle with birth years 1979 through 2007 from the
2-trait analyses. Estimates of environmental correlation
were −0.03 ± 0.02, 0.10 ± 0.07, 0.04 ± 0.03, and −0.06
± 0.13 for UDLS with CONS, UDLS with BRWT, UDLS
with WNWT, and UDLS with YRWT, respectively, from
the 2-trait analyses. Of the 3 growth traits, WNWT had
the highest estimate of environmental variance (2,326.02),
followed by YRWT (1,450.35) and BRWT (20.20) from
the 2-trait analysis. From the 2-trait analyses, environmental variances were similar among the 3 growth traits
of BRWT (0.33), WNWT (0.32), and YRWT (0.32) and
similar to those of UDLS (0.31) as a second trait and
CONS (0.27) as a first trait. Environmental variances are
not often reported, but given that the estimates of heritability reported here are greater than some reported in the
literature, reporting them here seems appropriate. When
heritability is estimated as a ratio of variances, reducing

environmental variance increases the estimate of heritability.
Estimates of phenotypic variances, covariances and phenotypic correlations from the 2-trait analyses for UDLS,
CONS, BRWT, WNWT, and YRWT in Beefmaster cattle
with birth years 1979 through 2007 are presented in Table
7. From the 2-trait analyses, the estimate of phenotypic
variance for the 3 growth traits was highest for YRWT
(9,791.80) followed by WNWT (5,874.80) and then BRWT
(81.94), and estimates of UDLS with CONS, BRWT,
WNWT, and YRWT varied from 0.51 through 0.55. The
phenotypic correlation between UDLS and CONS was low
and negative (−0.08 ± 0.01). This negative correlation
indicated that as UDLS increases, CONS decreases and
vice versa. Again, this is the result of the scale of scores
used in the evaluation of these traits. El-Saied et al. (2006)
reported coefficients of phenotypic correlation of 0.10 between muscle score and BRWT, 0.60 between muscle score
and WNWT, 0.11 of skeletal size score and BRWT, 0.55
between skeletal score and WNWT, 0.85 between skeletal
size score and muscularity score, 0.04 between BRWT and
general appearance type score, 0.45 between general appearance type score and WNWT, 0.78 between general
appearance type score and muscularity score, and 0.77
between general appearance type score and skeletal size
score in Charolais cattle. The coefficients of phenotypic
correlation are in agreement with coefficient of phenotypic
correlation found in these data. Andries et al. (1994) found
coefficients of phenotypic correlation between BRWT and
WNWT of 0.50.
The distribution of estimated breeding values (EBV) for
UDLS is presented in Figure 3. Mean EBV for UDLS was
0.00 ± 0.04. The EBV for UDLS varied from −1.1 through
1.1. Based on these EBV for UDLS, UDLS can be changed
through the use of artificial selection. Selection for UDLS
should be based on the desired directional change relative to the breeding objective of each producer. Additionally, from the results obtained in this study, it is evident
that UDLS accounted for very little variation in pre- and
postweaning growth traits. The relatively low order of the
genetic and phenotypic correlations in this study indicate
that selection for improved UDLS could be practiced in-

Table 6. Estimates of direct environmental variances and covariances and environmental
correlations for underline score, conformation score, birth weight, weaning weight, and yearling
weight in Beefmaster cattle with birth years 1979 through 2007 from the 2-trait analyses
Environmental estimate
Trait 1

Trait 2

Variance Variance
Environmental
trait 1
trait 2 Covariance
correlation

Conformation score
Birth weight
Weaning weight
Yearling weight

Underline score
Underline score
Underline score
Underline score

0.27
20.20
2,326.02
1,450.35

0.31
0.33
0.32
0.32

−0.01
0.26
1.10
−1.36

−0.03 ± 0.02
0.10 ± 0.07
0.04 ± 0.03
−0.06 ± 0.13
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Table 7. Estimates of direct phenotype variance and covariances and phenotype correlation
for underline score, conformation score, birth weight, weaning weight, and yearling weight in
Beefmaster cattle with birth years 1979 through 2007 from the 2-trait analyses
Trait 1

Trait 2

Variance Variance
trait 1
trait 2 Covariance

Correlation

Conformation score
Birth weight
Weaning weight
Yearling weight

Underline score
Underline score
Underline score
Underline score

0.49
81.94
5,874.80
9,791.80

−0.08 ± 0.01
0.05 ± 0.01
0.04 ± 0.00
0.06 ± 0.02

dependent of selection for CONS, BRWT, WNWT, and
YRWT. Selection practiced for increased growth traits
should not result in proportionate increase in UDLS. Selection could be emphasized for growth traits along with
some emphasis on UDLS. Because of the prepotency to
injury as a result of large sheaths, selective attention to
underlines of males selected at weaning or yearling age
could improve problems associated with natural mating
without reducing significantly selection for growth traits.
Estimated breeding values do not predict performance per
se, and because EBV is used primarily in artificial selection, it is the differences in EBV that are informative.

0.55
0.51
0.52
0.53

−0.04
0.32
2.34
3.90

IMPLICATIONS
Underline traits can be improved through artificial selection because these data clearly show that this trait is
highly heritable. The genetic association of UDLS and
CONS suggest that producers should consider both traits
in selection. These data also show that there are limited environmental effects for UDLS. Estimates of genetic
and phenotypic correlations between UDLS and CONS,
BRWT, WNWT, and YRWT were low enough that sound
selection should overcome any expected detriment to
growth traits as underline scores are improved. Regardless

Figure 3. Distribution of estimated breeding values (EBV) for underline score (UDLS). Mean EBV ± SE for UDLS = 0.00 ± 0.4.
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of the breeder’s objectives, one can improve the offspring
of undesirable cattle that are subject to injury and market
discrimination.
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Patch burning on tall-grass native prairie does
not negatively affect stocker performance
or pasture composition
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ABSTRACT
The purpose of this study was to determine stocker BW
gain on patch-burned native tall-grass prairie while also
determining plant species influenced by fire. The study
was conducted in a split-block experimental design where
treatments consisted of a yearly spring burn on the pastures (CON) or patch burning of one-third pasture per
year (PB). Stocker steers grazed the pastures using a
three-quarter-season (~114 d) grazing period from about
mid-April to mid-August from 2006 to 2012. Steer ADG,
final weight, and total BW gain were not different by
treatment (P > 0.35). However, when comparing treatment effects with precipitation classification (high, average, low), cattle on PB had a greater ADG (P = 0.02; 0.10
kg/d), final weight (P = 0.07; 12 kg), and total BW gain
(P = 0.02; 11.8 kg) in low precipitation years (2011 and
2012). Overall, patch burning provides similar BW gains
as yearly burning on native tall-grass prairie, while providing a BW gain advantage in low precipitation years. The
switchgrass (Panicum virgatum) population declined (P <
0.05) on CON treatment, whereas the population of other
perennial grasses increased. The amount of annual grasses,
including hairy crabgrass (Digitaria sanguinalis) and yellow foxtail (Setaria pumila), increased (P < 0.05) under
PB. Botanical composition shifts were similar on patchburn pastures and full-burn pastures, with the exception
of increasing annual grasses with patch burning.
Key words: native range, burning, botanical composition, cattle performance

INTRODUCTION
Burning tall-grass prairie is an effective and widely used
management tool to improve weight gains and manipulate
grazing distribution of cattle on native range. Traditional
single-fire and intensive grazing systems are commonly accepted management practices for cattle producers across
the nation, especially in the Flint Hills (Fuhlendorf and
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Engle, 2001; Hamilton, 2007). Numerous benefits have
been associated with patch-burn grazing; however, the system has been promoted primarily as a method to increase
biodiversity, heterogeneity, and wildlife habitat (Fuhlendorf et al., 2006; Bidwell et al., 2009; NPS, 2009). Patch
burning has been theorized to mimic the historical patterns of the effects of lightning and the subsequent grazing
patterns of American bison, resulting in a management
unit with a shifting mosaic of grazing distribution (Weir et
al., 2007). Because cattle production is a large component
of the tall-grass prairie environment, it is important to
quantify cattle performance with patch burning.
The objectives of this study were to (1) determine stocker BW gains on patch-burned native tall-grass prairie and
(2) determine plant composition as influenced by fire and
grazing.

MATERIALS AND METHODS
Animals used in this study were cared for in accordance
with the standards described in the Guide for the Care and
Use of Agricultural Animals in Agricultural Research and
Teaching (FASS, 1999).
This study was conducted at the Bressner Research
pastures near Yates Center, Kansas. This research unit
is owned by the Kansas State University Foundation and
managed by an advisory council made up of area extension agents, state extension specialists, and producers. The
unit is 253 ha and located along the eastern edge of the
Kansas Flint Hills region at 37°51′54.18″N, 95°48′16.15″W.
The vegetation at the site is classified as tall-grass prairie
in which the dominant grasses include big bluestem (Andropogon gerardii Vitman), little bluestem [Schizachyrium
scoparium (Michx.) Nash], Indiangrass [Sorghastrum nutans (L.) Nash], and switchgrass [Panicum virgatum L.]
(NRCS, 2008). After fire through grazing (mid-April to
Mid-August), precipitation for the area was 42.67, 88.95,
76.00, 63.27, 64.62, 14.12, and 22.00 cm in 2006, 2007,
2008, 2009, 2010, 2011, and 2012, respectively. Longterm average annual precipitation for Woodson County
is 106.98 cm, and annual growing-season (April through
September) precipitation is 68.58 cm (Kansas State University; Mesonet, 2016). Prior to initiation of this study,
in 2005 all pastures were burned in April and grazed with
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stocker steers for a 90-d double-stocked grazing season.
This followed a 4-yr study where all pastures were burned
in April and double stocked with steers grazing for 90 d in
the summer, and half the pastures were grazed in the fall
for 44 to 67 d.

Treatments and Sampling
The Bressner unit was divided into 8 individual pastures
(approximately 32 ha each), with 4 pastures on the north
side and 4 pastures on the south side. Using a split-block
experimental design, 2 treatments were implemented and
replicated 4 times over 7 yr (2006–2012). The 2 treatments consisted of control (CON) pastures, which were
burned and grazed every year, and patch-burn (PB) pastures, which were patch burned and grazed on a one-third
(11 ha) per year basis. For the PB pastures each patch in
the patch treatment was burned once in every 3-yr cycle.
Therefore, in each PB pasture, cattle had access to graze
one-third of the pasture that was burned within the year,
one-third burned the previous year, and one-third that
had not been burned for 2 yr (design analogous to Fuhlendorf et al., 2006). The pastures on the north side were
assigned to the PB treatment, and the south side pastures
were CON. This burn design was implemented because
of the ability to control and contain fire based on the
ranch layout to protect the PB pastures in the event of an
out-of-control neighboring wildfire on the south side (the
north, west, and east sides of ranch are surrounded by
roads). To determine nuisance effects of pasture location,
ADG on steers was assessed by pasture for years when all
pastures were burned (2005 and 2016), and no difference
in ADG was detected based on pasture (P = 0.15). Dates
of burning for all pastures for this experiment were April
13, 2006; April 9, 2007; April 9, 2008; April 14, 2009; April
12, 2010; April 12, 2011; and April 2, 2012.
Stocker steers (n = 1,495 over 7 yr; >90% black hided)
were purchased from auctions, vaccinated for respiratory
pathogens, implanted, and wormed using commercially
available products at each producer’s operation before
placement in pastures. Steers were weighed individually
using electronic scales (Tru-Test Inc., Mineral Wells, TX)
at the start and end of the grazing period. Steers were randomly assigned to a treatment using a predetermined randomized pasture assignment based on order through the
chute. Based on this method, average initial weight within
years were the same for treatments (P = 0.98, Table 1).
Cattle on both treatments were stocked from mid-April
through mid-August and had free access to the entire area
of each pasture along with free-choice mineral. This grazing season is classified as a three-quarter grazing season
(~114 d) based on the season-long average grazing of 154
d for Flint Hills (primarily big bluestem) grass (Smith and
Owensby, 1978). Cattle on the PB pastures (n = 773 over
the 7 yr, average initial weight = 255.57 ± 1.71 kg) were
stocked at 0.94 steer/ha, and cattle on the CON pastures
(n = 722 over the 7 yr, average initial weight = 255.12

± 1.74 kg) were stocked at 0.96 steer/ha. These stocking
rates were for a total of 114 d of grazing in 2007 to 2010
and 2012; 113 d of grazing in 2006; and 118 d of grazing in
2011 and calculated to provide 2 animal unit months grazing pressure. Stocking rates remained the same every year
to minimize confounding effects on botanical composition
due to differences in stocking rates. In 2011 two pastures
from each treatment were removed from analysis because
pasture treatment integrity was compromised due to cattle
commingling between treatment pastures. There were still
2 pastures of each treatment included in analysis for 2011.
In late August through September of each year, one
100-point transect was established in each of the one-third
portions of the PB pastures and two were established in
each of the CON pastures. Each one-third of the PB pastures represents a subplot within the pasture. Transects
for the CON pastures were located on clay upland range
sites. A total of 20 transects were established, 12 in PB
pastures and 8 in CON. Distance between points within
a transect was approximately 4 m. A modified step-point
method (Owensby, 1973) was used to determine botanical composition. To summarize, when walking along transects, a point was lowered to the ground at specific locations, and hits were recorded. Hits could be on plants at
the soil surface, bare ground, or litter. If a plant was not
hit, the plant nearest the point was recorded by species.
If the hit or closest plant was a grass, then the nearest
nongrass species was recorded. Therefore, at each point
there was potential for 2 plants to be recorded. To calculate total basal cover the number of plants that were hit
by the point was divided by the number of points taken.
To calculate percent composition for grasses, hits on a
grass plus times a grass was recorded as the nearest plant
was divided by total points taken. At each point, if the hit
was not a forb or woody plant, then the nearest forb or
woody plant was recorded to provide a better representation of nongrass species present. Percent composition of a
nongrass species was calculated by adding hits plus times
recorded as the closest plant plus times recorded as the
nearest nongrass divided by 100 points and then multiplied by the total basal cover.

Table 1. Initial BW, final BW, total BW gain, and ADG by
treatment1 comparisons
Item

CON

PB

Initial BW, kg
Final BW, kg
Total BW gain, kg
ADG, kg/d

255.0
378.4
123.1
1.07

255.0
381.6
126.4
1.10

SEM P-value
2.0
6.4
3.2
0.05

0.98
0.51
0.35
0.35

CON = control pastures burned yearly; PB = patchburned pastures, where one-third of the pasture was
burned yearly on a rotation.

1
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Statistical Analysis
Treatment effects for ADG, initial and final BW, and total BW gain were analyzed using Proc Mixed within SAS
9.3 (SAS Institute Inc., Cary, NC). The design consisted of
2 phases: 1 for the pasture structure (treatments) and 1 for
the year structure; thus, the design was a strip-plot design
with years crossed with pastures. The pasture structure
(treatments) consisted of a one-way analysis, and the experimental unit was pasture. The year structure was based
on precipitation classification where growing season precipitation was categorized as low (2011 and 2012), average
(2006, 2009, and 2010), and high (2007 and 2008). There
were 3 levels of precipitation with 2 or 3 yr within each
level. The analysis was one-way with years (precipitation),
and the experimental unit was year. The overall ANOVA
was obtained by listing the pasture (treatment) effects,
the year effects, and including all pasture effects crossed
with all year effects where treatment and precipitation
were fixed effects and any terms involving year, pasture,
or both were random effects. The residual term was the
4-way interaction of pasture × year (precipitation × treatment). Treatment effects were considered significant at P
< 0.05 and tendencies at 0.05 < P < 0.10.
Plant composition data were analyzed using appropriate formulas in Microsoft Excel, including average [ =
average(number1,number2…)] and standard deviation
[ = stdev.s(number1,number2,…)]. Standard errors were
calculated by dividing SD by the square root of the sample
number. Differences were determined using means ± SE,
with significance at P < 0.05 and tendencies at 0.05 < P
< 0.10. Appropriate t-test values based on sample number
and α values were used to determine whether mean separation occurred by multiplying t-value by SE. If ranges
overlapped, then no difference (P > 0.10) was determined.
Specific t-values used are included at the bottom of Tables
4, 5, and 6.

RESULTS AND DISCUSSION
Cattle BW Gain
Steer ADG was not different by treatment (P = 0.35,
Table 1) nor precipitation classification (P = 0.22, Table
2). Final BW was not different by treatment (P = 0.51,
Table 1) nor precipitation classification (P = 0.26, Table
2). Total BW gain was not different by treatment (P =
0.35, Table 1) nor precipitation classification (P = 0.29,
Table 2). Other studies have found that calf BW gains are
similar when comparing patch burning and full burn on
native range (Weir et al., 2007; Limb et al., 2011). In cow
studies, BCS and BW gain were not different when cows
grazed patch-burned or yearly-burned pastures (Limb et
al., 2011; Winter et al., 2014). On the other hand, if fire
was not included in management, Limb et al. (2011) found
in a mixed grass prairie location, patch burning resulted in
similar stocker cattle BW gains as unburned pastures for
the first 4 yr (P > 0.05), but for the next 4 yr, the stockers

Table 2. Initial BW, final BW, total BW gain, and ADG by
precipitation classification1
Item
Initial BW, kg
Final BW, kg
Total BW gain,
kg
ADG, kg/d

Low Medium High
268.1
388.7
119.9
1.03

247.8
387.0
139.2
1.22

249.1
364.3
115.2
1.01

SEM P-value
26.3
13.8
10.4
0.08

0.71
0.26
0.29
0.22

Precipitation classifications: low (2011 and 2012),
medium (2006, 2009, and 2010), and high (2007 and
2008).

1

on the patch-burned pastures had a greater BW gain (~22
kg/animal, P < 0.05).
There was a treatment × precipitation classification interaction for ADG, final BW, and total BW gain (P <
0.05), where differences in BW gains were observed in low
precipitation years. In low precipitation years (2011 and
2012), ADG was 0.11 kg/d greater (P = 0.02, Table 3) in
steers on PB pastures than in steers on CON pastures.

Table 3. Comparison of treatment1 means for each level
of precipitation for initial BW, final BW, total BW gain, and
ADG
Precipitation
classification2
Initial weight, kg
Low
Medium
High
Final weight, kg
Low
Medium
High
Total BW gain, kg
Low
Medium
High
ADG, kg/d
Low
Medium
High

CON

PB

268.1
248.0
248.9

268.0
247.5
249.3

3.3
2.5
2.8

0.98
0.85
0.89

382.7
387.7
364.6

394.7
386.2
364.0

6.0
5.1
5.6

0.07
0.77
0.92

114.0
139.7
115.7

125.8
138.6
114.7

4.7
3.8
4.3

0.02
0.78
0.82

0.98
1.22
1.01

SEM P-value3

1.08 0.04
1.21 0.03
1.01 0.04

0.02
0.78
0.82

CON = control pastures burned yearly; PB = patchburned pastures, where one-third of the pasture was
burned yearly on a rotation.
2
Precipitation classifications: low (2011 and 2012),
medium (2006, 2009, and 2010), and high (2007 and
2008).
3
Comparison of means within precipitation classification
and treatment.
1
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Table 4. Average percent plant composition ± SE during 2006 to 2012 on Bressner Pastures (full-burn treatment)1
Species or category
Big bluestem
Little bluestem
Indiangrass
Switchgrass
Other perennial grasses
Annual grasses
Annual forbs
Perennial forbs
Woody
Sericea lespedeza

2006

2007

2008

2009

2010

2011

2012

38.0 ± 2.1a
11.5 ± 0.9
9.7 ± 2.1xy
13.3 ± 1.5a
15.0 ± 1.7a
2.6 ± 0.6a
0.3 ± 0.1b
8.6 ± 2.2
0.6 ± 0.4
0.4 ± 0.1

34.6 ± 2.4ab
11.5 ± 1.4
13.4 ± 1.9x
14.8 ± 1.3a
14.8 ± 1.9a
2.0 ± 0.5ab
0.8 ± 0.3b
7.4 ± 1.7
0.3 ± 0.2
0.4 ± 0.2

32.0 ± 2.1ab
9.6 ± 1.0
12.1 ± 1.9xy
12.2 ± 1.5a
20.1 ± 1.9ab
5.1 ± 1.5a
0.9 ± 0.2b
7.2 ± 1.3
0.4 ± 0.2
0.3 ± 0.1

29.5 ± 2.1ab
11.6 ± 1.5
8.8 ± 1.7xy
4.5 ± 0.8b
22.8 ± 2.5ab
11.6 ± 3.4a
1.1 ± 0.2a
8.5 ± 1.5
0.2 ± 0.1
1.4 ± 0.5

21.2 ± 3.4b
16.2 ± 3.2
11.1 ± 1.8xy
4.5 ± 0.6b
25.1 ± 3.3ab
9.1 ± 2.3a
0.7 ± 0.2ab
10.2 ± 1.0
0.2 ± 0.1
1.5 ± 0.4

32.2 ± 4.0ab
8.8 ± 2.0
7.1 ± 1.1y
7.6 ± 1.2ab
34.4 ± 4.0b
1.8 ± 0.5ab
0.1 ± 0.1b
7.4 ± 0.7
0.2 ± 0.2
0.4 ± 0.2

32.8 ± 3.7ab
7.8 ± 1.9
11.8 ± 1.6xy
4.4 ± 1.1b
29.5 ± 4.1b
0.4 ± 0.2b
1.7 ± 0.3a
10.4 ± 1.6
0.7 ± 0.3
0.6 ± 0.3

Different superscripts within a row indicate differences, P < 0.05.
Different superscripts within a row indicate differences, 0.05 < P < 0.10.
1
Number of samples = 8 for all years. t 0.05 = 2.365; t 0.10 = 1.895.
a,b
x,y

This ADG advantage tended to result in heavier final BW
(P = 0.07; 12 kg) and increased total BW gain (P = 0.02;
11.8 kg) for PB cattle in low precipitation years (Table 3).
A speculated reason why the PB steers had a greater ADG
was biomass availability. A common observation from the
droughts in the 1980s and early 2010s is lowered biomass
in pasture land (summarized by Kellner and Niyogi, 2014).
Even though biomass was not measured in the current
study, a logical conclusion was that biomass production
was a limiting factor for CON cattle BW gains. In the
CON pastures the DM availability consisted of the forage
that grew after a fire, which was speculated to be limited
because of rainfall.
Fire has been found to improve livestock BW gains in a
wide variety of environments (Hilmon and Hughes, 1965;
Launchbaugh and Owensby, 1978; McGinty et al., 1983;
Angell et al., 1986; Svejcar, 1989). Quality and quantity of
forage affect cattle performance, and fire and environment
(temperature and moisture) can alter quality and quantity
of forage. Even though PB pastures as a whole had lower
CP than pastures that were entirely burned, due to a portion of the pasture not being touched by fire in that given
year (Allred et al., 2011), there are still areas of the pasture that have high CP that help with cattle performance.
Cattle prefer to graze in areas that have been recently
burned (Vermeire et al., 2004), where the highest quality
forage is located. In the instance of severe drought in 2011
and 2012, it was hypothesized that cattle in the PB pastures would consume all the vegetation within the burned
section, which should have similar nutritional composition
as CON pastures, and thus have similar ADG until that
forage is completely consumed. After this high quality forage is depleted, the cattle begin consuming the nonburned
portions of the pasture, which provide DM for the cattle,
which might be limiting in the pastures that were entirely burned. This effect was recorded in Tennessee, where
once the burned patch failed to provide sufficient forage,

cattle consumed the unburned portion of the pasture and
maintained condition (McGranahan et al., 2014). These
authors refer to this as developing a “grass-bank” in patchburning management.

Plant Composition
Major grass species were relatively stable with some
year-to-year fluctuation on CON pastures (Table 4). The
population of big bluestem tended to decline in 2009 and
2010 compared with 2006 (P < 0.10) but recovered by the
end of the study. Other perennial grass populations tended
to increase (P < 0.10) in 2010 and 2012 (Table 4) when
the amount of switchgrass was declining (P < 0.05). Brazle et al. (1999) in a study done at the same location from
1990 to 1998 found that big bluestem, Indiangrass, and

Table 5. Change in percent plant composition ± SE by
treatment on Bressner Pastures between 2006 and 2012
Species or category

Patch burn

Full burn

Big bluestem
Little bluestem
Indiangrass
Switchgrass
Other perennial grasses
Annual grasses
Annual forbs
Perennial forbs
Woody
Sericea lespedeza
Number of samples
t 0.05
t 0.10

−10.7 ± 3.1
−6.3 ± 1.9
−2.1 ± 1.8
−7.2 ± 1.0
16.4 ± 3.6
7.2 ± 3.4*
2.8 ± 0.8
−1.2 ± 2.2
−0.7 ± 0.5
1.5 ± 0.7
12
2.201
1.796

−5.2 ± 2.5
−3.8 ± 1.9
2.1 ± 2.0
−8.9 ± 2.3
14.5 ± 3.3
−2.2 ± 0.8
1.4 ± 0.4
1.9 ± 2.4
0.1 ± 0.4
0.3 ± 0.4
8
2.365
1.895

*Treatments are different at P ≤ 0.05.
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Table 6. Percent plant composition ± SE relative to year of patch burn
Species or category
Big bluestem
Little bluestem
Indiangrass
Switchgrass
Other perennial
grasses
Annual grasses
Annual forbs
Perennial forbs
Woody
Sericea lespedeza
Number of samples
t 0.05
a–c

Year before
burn

First burn

1 yr after
burn

2 yr after
burn

Second burn

22.8 ± 2.5
15.1 ± 1.4a
11.4 ± 0.9a
6.2 ± 0.8a
26.0 ± 1.9a

26.1 ± 2.5
9.9 ± 1.5ab
7.6 ± 1.0ab
10.2 ± 0.8c
15.6 ± 2.7b

b

17.5 ± 1.2
12.9 ± 1.3a
9.8 ± 0.9a
4.9 ± 0.7ab
24.9 ± 2.1ab

ab

20.9 ± 1.3
12.5 ± 1.6ab
12.2 ± 1.1a
4.4 ± 0.7ab
30.4 ± 2.0a

21.4 ± 2.4ab
7.1 ± 1.3b
5.8 ± 0.9b
2.5 ± 0.6b
22.9 ± 1.8ab

6.3 ± 1.4a
1.7 ± 0.5
8.6 ± 0.8
0.4 ± 0.1
1.7 ± 0.5a
24
2.069

10.3 ± 3.9ab
2.3 ± 0.8
9.5 ± 2.1
0.4 ± 0.1
0.3 ± 0.1b
12
2.201

16.0 ± 2.9b
2.8 ± 0.6
9.6 ± 0.9
0.2 ± 0.1
1.3 ± 0.3a
24
2.069

9.4 ± 2.5ab
2.1 ± 0.6
7.9 ± 0.8
0.2 ± 0.1
1.9 ± 0.6a
20
2.093

18.1 ± 5.2ab
3.5 ± 0.8
10.4 ± 1.2
0.3 ± 0.1
2.8 ± 1.0a
12
2.201

ab

a

Different superscripts within a row indicate differences, P < 0.05.

switchgrass all increased in population under a full-burn
treatment. Annual grasses, including hairy crabgrass, yellow foxtail, and witchgrass (Panicum capillare), were generally less than 10% of the botanical composition except
in 2009, a year following a wet summer.
After 2 PB cycles, botanical composition shifts were
similar on PB pastures and CON pastures (Table 5). The
only difference was the increase (P < 0.05) in the amount
of annual grasses on the PB units. In other studies forb
populations have increased dramatically within recently
burned and grazed patches (Hamilton, 2007).
The amount of big bluestem decreased (P < 0.05) 1 yr
after burn (Table 6) but stabilized thereafter. Little bluestem and Indiangrass tended to decrease (P < 0.10) in
population the year of burn compared with the previous
year. Similar to CON pastures, the amount of switchgrass
declined over time (P < 0.05) with PB and other perennial grasses increased (P < 0.05) in population 2 yr after
burn. The sericea lespedeza (Lespedeza cuneata) population decreased (P < 0.05) with the first burn but increased
thereafter under PB. Cummings et al. (2007) found that
the amount of sericea lespedeza increased in both patchburn and full-burn pastures, but the rate of increase was
less with patch burning.

IMPLICATIONS
Patch burning offers a viable option for pasture management in regard to stocker cattle performance. Patch
burning might have added benefits for cattle producers
in years where summer drought might occur due to additional residue available for consumption, along with high
quality burned patches. Botanical composition shifts were
similar on patch-burn and full-burn pastures, with the exception of increasing populations of annual grasses with
patch burning.
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Effect of feeding distillers grains during
different phases of production and addition
of postmortem antioxidants on shelf life
of ground beef1
B. D. Cleveland, J. O. Buntyn, A. L. Gronli, J. C. MacDonald, PAS, and G. A. Sullivan2
Department of Animal Science, University of Nebraska, Lincoln 68583-0908

ABSTRACT

INTRODUCTION

Feeding distillers grains (DGS) to cattle can increase
PUFA concentration, increase lipid oxidation, and decrease color stability of beef. The objective of this study
was to evaluate the effects of feeding DGS and the postmortem addition of antioxidants on the shelf life of ground
beef products. Crossbred heifers (n = 64; initial BW = 225
kg) were supplemented with different amounts of modified DGS (MDGS; 0.91 or 2.27 kg daily, DM basis) during backgrounding and finished on diets containing corn
gluten feed or MDGS. Four beef shoulder clods from each
dietary group were ground independently. Fatty acid composition was analyzed in lean tissue, s.c. fat, and composite samples. Raw patties in retail display were analyzed
for lipid oxidation, percent discoloration, and objective
color. Cooked beef links were manufactured with salt,
phosphate, and varying quantities of an antioxidant (rosemary and green tea extract), and lipid oxidation was measured throughout storage. Finishing cattle fed MDGS had
greater C18:2 and PUFA (P ≤ 0.028) content in all locations, whereas cattle supplemented with greater amounts
of MDGS during backgrounding had more C18:0 (P =
0.005) and less C16:1 (P = 0.020) in s.c. fat. Raw ground
beef from heifers finished with MDGS discolored at a
greater rate (P < 0.001), but lipid oxidation was not different (P = 0.47). Greater lipid oxidation in cooked beef
links occurred when cattle were fed greater amounts of
MDGS during backgrounding or MDGS during finishing,
but adding the rosemary and green tea extract decreased
lipid oxidation regardless of dietary treatment.

In 2013, 35.5 million metric tons of distillers grains
(DGS) was produced as coproducts of the fuel ethanol
industry, and beef cattle account for almost half of DGS
consumption (Renewable Fuel Association, 2016). Researchers have reported that steaks from cattle fed wet
DGS (WDGS) have a greater PUFA concentration and
less oxidative stability (Jenschke et al., 2008; Depenbusch
et al., 2009) and that feeding WDGS can increase lipid
oxidation in ground beef (Koger et al., 2010) compared
with beef from cattle not fed DGS.
Lipid oxidation occurs most readily in PUFA and is associated with rancidity or warmed-over flavors in beef.
The free radicals formed from lipid oxidation can increase
myoglobin oxidation (Liu et al., 1995), and likewise, myoglobin oxidation can promote lipid oxidation (Faustman
et al., 2010). Comminuting meat increases lipid oxidation
by disrupting the phospholipid membranes and allowing
for greater exposure to oxygen (Sato and Hegarty, 1971).
Cooking meat increases lipid oxidation by the release of
free- and heme-iron from myoglobin (Greene and Cumuze,
1982). Much research has been conducted on feeding
DGS in finishing diets to cattle on raw steak and ground
beef characteristics (Jenschke et al., 2008; Depenbusch et
al., 2009; Koger et al., 2010); however, few have investigated the effect of supplementation with DGS during
backgrounding (Buttrey et al., 2012). Dierks et al. (2017)
reported that supplementation of dried DGS (DDGS)
during backgrounding resulted in greater lipid oxidation of
cooked beef patties than nonsupplemented cattle. Dierks
et al. (2017) also reported an unexpected reduction in lipid
oxidation in cooked beef patties from cattle finished with
WDGS than when no WDGS was fed. They suggested the
inclusion of different fat depots and the cooking process of
cooked ground beef links were possible explanations.
The use of plant extracts such as rosemary or green tea
as natural antioxidants is common in meat processing.
Both rosemary and green tea have phenolic compounds
that donate the phenolic hydrogen to quench free radicals
formed during lipid oxidation (Tang et al., 2001).

Key words: distillers grains, fatty acid composition,
ground beef, lipid oxidation, rosemary and green tea extract
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Table 1. Finishing diet composition (% of diet DM basis)
Item, %

CCGF

MDGS

High-moisture corn
CCGF1
MDGS2
Wheat straw
Supplement
Supplement composition, % of diet DM
Fine-ground corn
Limestone
Salt
Tallow
Beef trace mineral3
Rumensin-904
Tylan-405
Vitamin A-D-E6
Analyzed nutrient composition, % DM basis
CP
Fat
NDF

50.0
40.0
—
5.0
5.0

50.0
—
40.0
5.0
5.0

2.7650
1.7150
0.3000
0.1300
0.0500
0.0167
0.0083
0.0150
15.0
4.25
19.7

2.7650
1.7150
0.3000
0.1300
0.0500
0.0167
0.0083
0.0150
18.4
7.01
23.3

CCGF = commercial corn gluten feed (Sweet Bran, Cargill Corn Milling, Blair, NE); contained
4.49% fat; fatty acid composition: C16:0 = 21.18%, C18:0 = 3.99%, C18:1 = 25.91%, C18:2 =
46.24%, C18:3 = 2.69%.
2
MDGS = modified distillers grains with solubles; contained 11.39% fat; fatty acid composition:
C16:0 = 14.92%, C18:0 = 2.12%, C18:1 = 27.57%, C18:2 = 53.21%, C18:3 = 1.70%, C20:5
0.16%, C24:0 = 0.31%.
3
Premix contained 6% Zn as ZnO, 5% Fe as FeSO4, 4% Mn as MnO, 2% Cu as CuSO4, 0.28%
Mg, 0.2% I as Ca(IO3)2(H2O), and 0.05% Co as CoCO3.
4
Premix contained 198 g/kg monensin (Rumensin, Elanco Animal Health, Indianapolis, IN).
5
Premix contained 88 g/kg tylosin (Tylan, Elanco Animal Health).
6
Premix contained 29,974 IU/g vitamin A, 5,995 IU/g vitamin D, and 7.5 IU/g vitamin E.
1

Therefore, the objectives of this trial were to evaluate
the effect of feeding different concentrations of modified
DGS (MDGS) during winter backgrounding and either
MDGS or commercial corn gluten feed (CCGF; Sweet
Bran, Cargill Corn Milling, Blair, NE) during the finishing
phase on raw and cooked ground beef and to evaluate the
effectiveness of natural rosemary and green tea extract in
the cooked beef samples to counteract differences in lipid
oxidation due to animal diet.

MATERIALS AND METHODS
Dietary Treatments and Product Collection
All animal protocols performed in this study were approved by the University of Nebraska–Lincoln Institutional Animal Care and Use Committee (Protocol # 902).
Spayed crossbred heifers (n = 64; initial BW = 225 ± 2
kg) were randomly assigned to a 2 × 2 factorial arrangement of dietary treatments that included backgrounding supplementation amount (0.91 or 2.27 kg of MDGS
daily; 146 d) while grazing on corn stalks and finishing
diet (corn-based diet with either CCGF or MDGS at 40%

diet DM; 134 d; Table 1). Cattle were grazed on corn
stalks as a single unit within treatment. Both finishing
diets contained 33 mg/kg monensin (Rumensin, Elanco
Animal Health, Indianapolis, IN), and tylosin was provided at 90 mg/heifer daily (Tylan, Elanco Animal Health).
Two pens of 8 head were replicated per dietary treatment
combination. All cattle were supplemented with DDGS
plus solubles at a rate of 0.6% of BW during the summer
months (111 d) while grazing on native range grass. The
native range grass composition is described in experiment
2 of the study by Buckner et al. (2013). A deferred rotational grazing system was used, as described by Schacht
et al. (2011), and stocked at 2.08 animal unit months/ha.
At the time of receiving and before winter backgrounding, heifers were vaccinated against Clostridium chauvoei;
Clostridium septicum; Clostridium novyi; Clostridium sordellii; Clostridium perfringens Types B, C, and D; and
Histophilus somni (BoviShield Gold, Ultrabac 7/Somubac,
Zoetis Inc., Kalamazoo, MI) and Mannheimia haemolytica
type A1(One Shot Pasteurella, Zoetis Inc.). Heifers also
received an injectable parasiticide for control of gastrointestinal roundworms, lungworms, eyeworms, grubs, suck-
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ing lice, and mange mites (Dextomax, Zoetis Inc.). Cattle
were revaccinated 2 wk later (BoviShield Gold and Vision
7/Somnus, Zoetis Inc.) and vaccinated against Moraxella
bovis for pinkeye protection (Piliguard Pinkeye-1, Merck
Animal Health, Madison, NJ). Heifers were treated with
an insecticide pour-on for control of gastrointestinal roundworms, lungworms, grubs sucking lice, and mites (Phonectin, Teva Animal Health, St. Joseph, MO) in February
during winter backgrounding. At the beginning of summer
grazing, the heifers received an implant containing 40 mg
of trenbolone acetate and 8 mg of estradiol (Revalor-G,
Merck Animal Health); an insecticide pour-on (Phonectin,
Teva Animal Health); and an insecticide ear tag for control of horn flies, face flies, stable flies, house flies, biting
lice, and sucking lice (Python MAGNUM, Y-Tex Corp.,
Cody, WY), and they were revaccinated for pinkeye protection (Piliguard Pinkeye-1, Merck Animal Health). At
the beginning of the finishing phase, heifers received an
implant containing 200 mg of trenbolone acetate and 20
mg of estradiol (Revalor-200, Merck Animal Health).
Cattle were harvested at a commercial beef processing
facility. Carcasses were identified at the time of grading by
selecting the first 2 USDA choice carcasses from each pen.
An untrimmed beef shoulder clod (IMPS # 114; USDA,
2014) was collected from the right side of each carcass
after fabrication. Clods were vacuum-packed, transported
to Loeffel Meat Laboratory at the University of Nebraska–
Lincoln, and stored at 2°C until processing on d 14. A
total of 16 shoulder clods were collected representing 4
shoulder clods from each dietary treatment group.

bart, Troy, OH). The grinder was cleaned of visible materials between each clod. A ground composite sample was
taken for proximate and fatty acid composition analyses.
The lean, s.c. fat, and composite samples were vacuum
packaged separately and stored at −80°C until analysis.
The ground clod was divided into three 2.27-kg batches.
All treatments contained 0.75% salt and 0.25% sodium
phosphate (Brifisol 85 instant, BK Giulini Corp., Simi
Valley, CA) based on meat block basis. Treatments also
contained either 0, 0.13, or 0.20% of a rosemary and green
tea natural plant extract (FORTIUM RGT12 Plus Dry
Natural Plant Extract; Kemin, Des Moines, IA) as an antioxidant. These are commonly used ingredients in readyto-eat beef products. Beef and nonmeat ingredients were
mixed for 1 min (RM-20, Manica USA, St. Louis, MO),
and the mixture was stuffed into 22-mm-diameter skinless
links using a hydraulic piston stuffer (Talsa H31P, Talsabell S.A., Valencia, Spain) and Colosimo press (model
200, Gale Colosimo Seasoning Co., South Salt Lake, UT)
attachment. Links were placed in individual foil trays for
each shoulder clod. Trays were covered with aluminum
foil, and links were cooked to an internal temperature of
71°C in a smokehouse (Alkar-Rapid Pak, Lodi, WI) with
the following program: (1) 65°C for 10 min, (2) 71°C for 10
min, (3) 82°C for 10 min, and (4) 88°C until internal temperature was reached. Links were placed in zip-top bags
(Ziploc Storage Bags, 1 Gallon, S. C. Johnson, Racine,
WI) in aerobic conditions and kept in either dark refrigerated storage at 2°C or dark frozen storage at −20°C until
appropriate sampling days.

Diet Analysis

Raw Beef Patty Manufacture and Simulated
Retail Display

Feed samples were collected weekly and composited
by month. Samples were stored at −5°C until analysis.
Samples were analyzed for N using a combustion method
(LECO TruSpec FP-528, St. Joseph, MI) and for NDF using the procedure outlined by Van Soest et al. (1991) with
heat-stable amylase added. Samples were analyzed for
ether extract using a biphasic lipid extraction procedure
outlined by Bremer (2010). Briefly, samples were heated
in a 1:1 mixture of hexane and diethyl ether for 9 h, dilute
HCl was added, and samples were centrifuged at 1,000 ×
g for 6 min at 25°C to separate the lipid layer from other
liquid. The lipid layer was pipetted off, heated to remove
remaining solvent, and weighed. Diet nutrient composition was calculated from analyzed ingredients weighted
for inclusion rate.

Cooked Beef Link Manufacture
On d 14 postmortem, beef shoulder clods were processed. A 0.5-cm slice was taken from the triceps brachii
muscle and s.c. fat on the ventral end of each shoulder
clod for lean and s.c. fat, respectively, for proximate and
fatty acid composition analyses. Each shoulder clod was
independently ground through a 1.27-cm plate and then
fine ground through a 0.48-cm plate (Model 4732, Ho-

On d 14 from each ground shoulder clod, fourteen 113-g
patties (2 full patties for color analysis and 12 patties for
lipid oxidation analysis per shoulder clod) were formed
using an 11-cm-diameter hand operated hamburger press.
Patties were placed on Styrofoam trays (13.3 × 25.6 ×
1.4 cm, Styro-Tech, Denver, CO) and overwrapped with
oxygen-permeable polyvinyl chloride wrap (Prime Source
Meat Film, Prime Source Sanitary Supply, St. George,
UT). Packaged patties were placed on a table in a cooler
maintained at 0 to 2°C under continuous 1,000- to 1,800-lx
warm white fluorescence lighting (PHILIPS F32T8/TL741
ALTO 700 Series, 32 WATT B7, Royal Philips Electronics, Amsterdam, the Netherlands) to provide simulated
retail display conditions for up to 6 d. On d 0, 0.5, 1, 2,
4, and 6 of simulated retail display, 2 patties from each
shoulder clod were vacuum packaged and stored at −80°C
until evaluation for lipid oxidation.

Fatty Acid Analysis
Total lipid was extracted following the chloroform-methanol procedure of Folch et al. (1957) for lean, composite,
and s.c. fat samples. After extraction, the lipids were converted to fatty acid methyl esters according to Morrison
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and Smith (1964) and Metcalfe et al. (1966). Independently, frozen lean and composite samples from each shoulder clod were frozen in liquid nitrogen and powdered to
ensure a homogenized sample using a Waring commercial
blender (Model 51BL32, Waring Commercial, Torrington,
CT). Powdered samples were stored at −80°C until analysis. Subcutaneous fat samples were prepared using a small
punch. Fatty acid composition was determined by GLC
after fat extraction from samples followed by formation of
methyl esters of fatty acids. Samples (1 g for lean, 0.33 g
for composite, or 0.1 g for s.c. fat) were dissolved in 5 mL
of 2:1 chloroform:methanol (vol/vol) to extract the lipid
fraction after vortexing for 5 s and standing for 1 h at
room temperature. The homogenate was filtered through
Whatman #2 filter paper into a 13 × 150 mm screw-cap
tube, and the final volume was brought to 10 mL with 2:1
chloroform:methanol mix. Then, 2 mL of 0.74% KCl solution was added to the lipid extract and vortexed for 5 s to
separate extracted proteins. Samples were centrifuged at
1,000 × g for 5 min at 4°C. Following centrifugation, the
aqueous layer was aspirated and evaporated to dryness
under nitrogen at 60°C (Folch et al., 1957). Then, 0.5 mL
of 0.5 M NaOH in methanol was added, vortexed again
for 5 s, and heated for 5 min at 100°C under nitrogen for
saponification. To methylate the fatty acids, 0.5 mL of a
14% (wt/vol) boron trifluoride in methanol solution was
added and heated for 5 min at 100°C (Metcalfe et al.,
1966). One milliliter of saturated salt solution and 1 mL
of hexane were added and vortexed for 5 s. Following centrifugation at 1,000 × g for 5 min at 4°C, the hexane layer
was removed and placed in a GLC sampling vial. The
sample containing fatty acids in the GLC vial was purged
with nitrogen, capped, and stored at −80°C until the sample was read on a Hewlett-Packard Gas Chromatograph
(Agilent Technologies, model 5890A series, Santa Clara,
CA) attached to a Hewlett-Packard Autosampler (Agilent
Technologies, model 6890A series). Fatty acid methyl esters were separated on a fused silica column (Chrompack
CP-Sil 88; 0.25 mm × 100 m, Santa Clara, CA), which
was placed in an oven programmed from 140°C for 10 min
to 220°C at a rate of 2°C per min and held at 220°C for
20 min using helium as a carrier gas with a flow rate of
1 mL per minute. Total run time was 70 min. The injector and detector were programmed to operate at 270 and
300°C, respectively. Individual fatty acids of each sample
were determined by comparison of retention times with
known standards (GLC-68D, GLC-79, GLC-87, GLC-455,
and GLC-458, Nu-Chek Prep Inc., Elysian, MN). Fatty
acids were expressed as weight percentage value, which
were relative proportions of all peaks observed by GLC.
Data were converted to milligrams of fatty acid per 100 g
of sample using the measured lipid content of the sample.

Proximate Analysis
Moisture and total fat of pulverized raw meat samples
were determined for lean and composite samples. Two

grams of pulverized tissue in duplicate were used to quantify moisture and ash using a LECO thermo-gravimetric
analyzer (LECO Corporation, model 604-100-400). Total
fat was determined as outlined by AOAC (1990) using the
Soxhlet extraction procedure.

Objective Color Evaluation
The patty color during simulated retail display was measured with a colorimeter (Chroma Meter CR-400; Konica
Minolta Sensing Americas Inc., Ramsey, NJ) using a 2°
standard observer and a D65 illuminant. The calibration
plate was read through polyvinyl chloride overwrap film
because patties were still within the packaging during the
color measurement. The color of the 2 patties at 3 locations each was measured, and the resulting measurements
were averaged for each sample. Color values were collected
for L* (lightness), a* (redness), and b* (yellowness). Color
was measured on d 0, 0.5, 1, 2, 3, 5, and 6.

Visual Discoloration Evaluation
A 5-person trained panel composed of graduate students
of the Department of Animal Science at the University of
Nebraska–Lincoln visually evaluated the percentage discoloration of raw ground beef patties on d 0, 1, 2, 3, 5,
6, and 7 of simulated retail display. Panelists had been
previously trained to evaluate discoloration of steaks using
pictures showing percent discoloration in 10% increments.
Panelists were directed to evaluate the discoloration of
the lean portions of the ground beef patties as they were
trained to on the steaks. Discoloration was evaluated as
percentage surface discoloration ranging from 0 to 100%.

Lipid Oxidation
The 2-thiobarbuteric acid reactive substance assay
(TBARS) described by Ahn et al. (1998), which was a
modification of the TBARS assay developed by Buege and
Aust (1978), was used to measure the oxidation status
of refrigerated and frozen cooked, ground, beef links and
fresh ground beef patties over storage time or simulated
retail display. Cooked refrigerated links TBARS measurements were taken every 3 d for 18 d, beginning at d 0.
Cooked beef links in frozen storage had TBARS measurements evaluated on d 0, 28, 56, 112, 140, and 168. Raw
beef patties in simulated retail display were evaluated for
lipid oxidation on d 0, 0.5, 1, 2, 4, and 6.
To begin TBARS evaluation, 14 mL of deionized, distilled water and 1 mL of butylated hydroxyanisole solution (10% butylated hydroxyanisole in 90% ethanol) were
added to 5 g of sample. After homogenizing for 15 s using
a Polytron (POLYTRON Kinimatica CH-6010, Luzern,
Switzerland), the homogenate was centrifuged at 2,000 ×
g for 5 min at 4°C. One milliliter of homogenate was mixed
with 2 mL of 2-thiobarbituric acid and trichloroacetic acid
mixture [15% trichloroacetic acid (wt/vol) and 20 nM
2-thiobarbituric acid] in double distilled H2O and vortexed
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for 5 s. The sample mixture was incubated at 70°C in a
water bath for 30 min to develop color. After samples were
cooled in a cold-water bath for 10 min, the sample mixture
was centrifuged at 2,000 × g for 15 min at 4°C. Duplicate
200-μL aliquots of each sample were transferred into wells
on a 96-well plate, and the absorbance was read at 540 nm
to calculate the milligrams of malonaldehyde per kilogram
of tissue using 1,1,3,3-tetraethoxypropane as the standard
solution.

Statistical Analysis
Following examples of previous research that investigated the effects of dietary treatment on beef lipid composition, lipid oxidation, or both (Srinivasan et al., 1998;
Mello et al., 2012; Dierks et al., 2017), animal (individual
beef shoulder clod) was considered the experimental unit.
Dietary treatments were arranged in a 2 × 2 factorial
arrangement for backgrounding diet (low or high MDGS
supplementation) and finishing diet (40% DM inclusion
of MDGS or CCGF). Data for fatty acid composition and
proximate composition were analyzed as a 2 × 2 factorial treatment arrangement of main effects and their interactions. For lipid oxidation, proximate composition,
objective color, and percent discoloration in raw ground
patties, data were analyzed for interactions and main effects in a 2 × 2 factorial arrangement of background diet
and finishing diet with day as a repeated measure using
the PROC GLIMMIX procedure of SAS (SAS Institute
Inc., Cary, NC). Data for lipid oxidation in cooked links
were analyzed as a 2 × 2 × 3 factorial (backgrounding
diet × finishing diet × added antioxidant quantity) using
the PROC GLIMMIX procedure of SAS with repeated
measures (day). Using only samples without added antioxidants, an additional analysis of lipid oxidation in
cooked links was completed to determine dietary effects
separately from antioxidant. These data were analyzed as
a 2 × 2 factorial using the PROC GLIMMIX procedure
of SAS with repeated measures (day) to observe effects of
diet on lipid oxidation. When day was used as a repeated
measure, a compound symmetry covariance structure was
used. All means were separated using the LSMEANS and
PDIFF option with a Tukey’s honestly significant difference adjustment when level of significance indicated by
ANOVA was P < 0.05.

RESULTS AND DISCUSSION
Diet and Proximate Composition
Finishing diets containing MDGS provided more CP,
NDF, and fat than the CCGF diet (Table 1). No dietary
effects were found for fat or moisture content for the composite or lean beef samples (P > 0.138). The average fat
content for composite and lean beef samples was 22.7 and
7.8%, respectively. The average moisture content for composite and lean beef samples was 60.0 and 74.3%, respectively.
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Fatty Acid Composition
There was a backgrounding effect on fatty acids in the
s.c. fat where there was a lower concentration of C18:0
and a greater amount of C16:1 (P = 0.005 and 0.020,
respectively; Table 2) in beef from cattle supplemented
with greater amounts of MDGS, but no significant backgrounding diet effects (P > 0.05) were observed for lean
or composite samples. The backgrounding diet effect on
fatty acid composition does not fully explain differences in
lipid oxidation due to backgrounding diet in cooked beef
links. Dierks et al. (2017) also found limited differences
in fatty acid profile of ground beef shoulder clods due
to backgrounding diets with or without DGS supplementation but only made this analysis in ground composite
samples. However, Buttrey et al. (2012) reported greater
concentrations of C18:2 in loin steaks from cattle supplemented with DDGS during a stocker phase.
Lean, s.c. fat, and composite samples from cattle finished on the MDGS diet had greater amounts of C18:2
and total PUFA (P ≤ 0.0283, Table 3) than those fed
the CCGF diet. The composite sample also had a finishing effect where cattle finished with MDGS had greater
amounts of C16:1 (P = 0.043) and lesser amounts of C17:0
and C17:1 (P = 0.002 and 0.006, respectively) than the
cattle finished on the CCGF diet. These changes in fatty
acid composition may be related to differences in lipid
oxidation. Because fat depots can have different fatty acid
compositions (Jiang et al., 2010) and ground beef contains
different depots, this study used 2 different fat depots, s.c.
and i.m., and the ground composite for fatty acid analysis
to see the effect of type of fat storage. The composite sample would have contained s.c., intermuscular, and i.m. fat.
Domenech-Perez (2016) also reported greater total PUFA
and 18:2 in beef strip steaks from cattle fed WDGS than
from cattle fed a control diet. This also agrees with the
research of Gill et al. (2008), where there was an increase
in all types of 18:2, total PUFA, and total conjugated
linoleic acid in strip steaks from cattle fed either corn or
sorghum distillers grain compared with cattle fed steamflaked corn. Vander Pol et al. (2009) reported a greater
proportion of C18:2 reached the duodenum when cattle
were fed diets containing WDGS than all other diets (corn
control, corn control with added corn oil, including corn
bran and corn gluten feed, or including corn bran, corn
gluten feed and added oil). This indicates that a greater
proportion of lipid in diets containing DGS passes the rumen without being biohydrogenated and likely explains
the greater concentration of PUFA and C18:2 in beef often
reported in studies investigating the effect of feeding DGS
in cattle diets.
Supplementation with MDGS during backgrounding
had less effect on fatty acid composition of ground beef
than including MDGS in the finishing diets. Chao (2015)
reported greater PUFA in phospholipid of cattle fed DGS.
It may be possible that deposition of fatty acids into phospholipids could occur without detectable differences in total fatty acid composition.
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Table 2. Effect of low or high supplementation concentration (0.91 or 2.27 kg/head daily,
respectively) of modified wet distillers grains during backgrounding on fatty acid composition
(mg/100 g of raw sample) of beef shoulder clod composite, lean, and s.c. fat samples
Backgrounding diet
Location
Composite1
C16:0, mg/100 g
C16:1, mg/100 g
C17:0, mg/100 g
C17:1, mg/100 g
C18:0, mg/100 g
C18:1, mg/100 g
C18:2, mg/100 g
SFA,2 mg/100 g
PUFA,3 mg/100 g
MUFA,4 mg/100 g
UFA,5 mg/100 g
SFA:UFA
Lean1
C16:0, mg/100 g
C16:1, mg/100 g
C17:0, mg/100 g
C17:1, mg/100 g
C18:0, mg/100 g
C18:1, mg/100 g
C18:2, mg/100 g
SFA,2 mg/100 g
PUFA,3 mg/100 g
MUFA,4 mg/100 g
UFA,5 mg/100 g
SFA:UFA
Subcutaneous fat1
C16:0, mg/100 g
C16:1, mg/100 g
C17:0, mg/100 g
C17:1, mg/100 g
C18:0, mg/100 g
C18:1, mg/100 g
C18:2, mg/100 g
SFA,2 mg/100 g
PUFA,3 mg/100 g
MUFA,4 mg/100 g
UFA,5 mg/100 g
SFA:UFA

Low

High

SEM

P-value

5,052
652.1
324.3
281.4
3,527
10,670
623.5
9,553
695.6
12,163
12,853
0.744

5,091
685.8
326.0
297.1
3,171
10,664
648.7
9,255
740.2
12,236
12,903
0.717

342
43.7
17.1
22.5
277
504
64.5
435
45.7
760
532
0.015

0.909
0.596
0.945
0.630
0.223
0.994
0.702
0.636
0.503
0.926
0.948
0.236

1,614
317.7
113.5
97.5
937.4
3,574
336.9
2,849
421.4
4,190
4,611
0.624

1,745
331.0
116.7
104.1
975.7
3,699
338.5
3,042
417.0
4,548
4,967
0.612

157
62.9
21.2
12.1
96.2
340
34.8
388
43.6
412
414
0.039

0.567
0.838
0.914
0.695
0.783
0.800
0.974
0.628
0.944
0.551
0.558
0.783

22,879
4,273b
1,295
1,240
11,894a
51,242
1,974
39,203
1,974
58,279
60,253
0.651

23,653
5,743a
1,280
1,497
8,939b
51,340
1,990
36,911
1,990
60,552
62,541
0.592

418
387
76
94
847
714
144
830
144
836
825
0.022

0.215
0.020
0.842
0.075
0.005
0.924
0.940
0.075
0.940
0.079
0.074
0.079

Means in the same row with unlike superscripts differ (P < 0.05).
Ground composite, lean, and s.c. fat samples from the beef shoulder clods. n = 8 per diet.
2
C14:0, C15:0, C16:0, C17:0, C18:0.
3
C18:2, C20:4.
4
C14:1, C16:1, C17:1, C18:1T (trans-vaccenic acid), C18:1, C18:1V (vaccenic acid), C20:1.
5
UFA = unsaturated fatty acids: C14:1, C16:1, C17:1, C18:1T, C18:1, C18:1V, C18:2, C20:1,
C20:4.
a,b

1
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Table 3. Effect of finishing diets containing commercial corn gluten feed or modified distillers
grains with solubles on fatty acid composition (mg of fatty acid/100 g of raw sample) of beef
shoulder clod composite, lean, and s.c. fat samples
Finishing diet
Location
Composite2
C16:0, mg/100 g
C16:1, mg/100 g
C17:0, mg/100 g
C17:1, mg/100 g
C18:0, mg/100 g
C18:1, mg/100 g
C18:2, mg/100 g
SFA,3 mg/100 g
PUFA,4 mg/100 g
MUFA,5 mg/100 g
UFA,6 mg/100 g
SFA:UFA
Lean2
C16:0, mg/100 g
C16:1, mg/100 g
C17:0, mg/100 g
C17:1, mg/100 g
C18:0, mg/100 g
C18:1, mg/100 g
C18:2, mg/100 g
SFA,3 mg/100 g
PUFA,4 mg/100 g
MUFA,5 mg/100 g
UFA,6 mg/100 g
SFA:UFA
Subcutaneous fat2
C16:0, mg/100 g
C16:1, mg/100 g
C17:0, mg/100 g
C17:1, mg/100 g
C18:0, mg/100 g
C18:1, mg/100 g
C18:2, mg/100 g
SFA,3 mg/100 g
PUFA,4 mg/100 g
MUFA,5 mg/100 g
UFA,6 mg/100 g
SFA:UFA

CCGF1

MDGS1

SEM

P-value

5,372
599.8b
373.5a
341.6b
3,477
11,170
524.3b
9,894
592.1b
12,893
13,407
0.739

4,770
740.0a
276.9b
237.0a
3,222
10,163
748.0a
8,914
843.7a
11,506
12,349
0.722

242
61.7
17.1
31.8
196
504
45.6
614
45.7
538
531
0.015

0.104
0.043
0.002
0.006
0.375
0.183
0.005
0.137
0.002
0.093
0.185
0.451

1,565
305.2
97.0
95.3
881.3
3,246
258.9b
2,741
338.3b
3,958
4,296
0.638

1,794
343.5
133.2
106.3
1,031.7
4,027
416.5a
3,149
500.1a
4,781
5,280
0.598

157
62.9
21.2
12.1
96.2
340
34.8
388
43.6
412
414
0.039

0.324
0.557
0.236
0.517
0.291
0.131
0.008
0.315
0.022
0.184
0.118
0.315

23,423
5,409
1,349
1,472a
9,793
51,166
1,728b
37,740
1,728b
59,953
61,681
0.615

23,109
4,607
1,225
1,165b
11,041
51,415
2,235a
38,374
2,235a
58,878
61,113
0.630

418
387
76
94
847
714
144
830
144
836
825
0.022

0.606
0.169
0.131
0.010
0.166
0.809
0.028
0.599
0.028
0.381
0.635
0.623

Means in the same row with unlike superscripts differ (P < 0.05).
CCGF = commercial corn gluten feed (Sweet Bran, Cargill Corn Milling, Blair, NE); MDGS =
modified distillers grains plus solubles.
2
Ground composite, lean, and s.c. fat samples from the beef shoulder clods. n = 8 per diet.
3
C14:0, C15:0, C16:0, C17:0, C18:0.
4
C18:2.
5
C14:1, C16:1, C17:1, C18:1T (trans-vaccenic acid), C18:1, C18:1V (vaccenic acid), C20:1.
6
UFA = unsaturated fatty acids: C14:1, C16:1, C17:1, C18:1T, C18:1, C18:1V, C18:2, C20:1,
C20:4.
a,b
1
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Lipid Oxidation—Raw Patties
Lipid oxidation increased (P < 0.001) during simulated
retail display time (Table 4), but neither backgrounding
nor finishing diet affected lipid oxidation of raw ground
beef patties (P = 0.53 and 0.47, respectively, data not
shown). This agrees with a companion study conducted on
strip loin steaks from the same group of cattle where there
were no dietary effects on lipid oxidation (Sudbeck et al.,
2014). In contrast, Koger et al. (2010) observed greater
lipid oxidation on d 7 of retail display in ground beef from
cattle finished on either DDGS or WDGS (40% inclusion,
DM basis) than in ground beef from cattle fed the control
diet. Grinding meat disrupts the phospholipid membranes
and allows greater exposure of fatty acids to oxygen, thus
increasing the rate of lipid oxidation in ground products
compared with intact steaks (Sato and Hegarty, 1971). It
may be that no dietary differences were observed for lipid
oxidation in raw patties because the oxygen environment
after grinding provided an optimal environment for lipid
oxidation.

Objective Color and Discoloration
in Raw Patties
No backgrounding diet effects were found for objective
color measures (P > 0.48). For objective color, both a*
and b* values decreased (P < 0.001) over time regardless
of backgrounding or finishing diet (Table 5). Both finishing diet and day of simulated retail display had an effect
(P ≤ 0.03) on L* values. Patties from heifers fed MDGS
had lower (P = 0.03) L* values than heifers fed CCGF
during the finishing phase (Table 5), and L* increased
(P < 0.001) as days of simulated retail display increased,
independent of diet (Table 5). Conversely, Koger et al.
(2010) did not see any differences in objective color values
due to finishing diet.
No backgrounding diet effects were found for subjective
visual discoloration in raw ground beef patties (P > 0.51).
There was a finishing diet by day of simulated retail display interaction (P < 0.001) for percent discoloration of
ground beef patties; patties from heifers fed MDGS had

Table 4. Effect of day of simulated retail display on lipid
oxidation in raw ground beef patties (n = 16 per time point)
Day

Malonaldehyde, mg/kg of tissue

0
0.5
1
2
4
6
SEM
P-value

1.38e
1.64ed
2.38dc
3.11c
6.24b
10.43a
0.37
<0.001

Means in the same column with unlike superscripts
differ (P < 0.05).
a–e

a greater (P ≤ 0.02) discoloration on d 3, 5, and 6 than
patties from heifers finished with CCGF (all other days
were not different; P ≥ 0.19; Figure 1). Koger et al. (2010)
did not observe a finishing diet effect on discoloration of
ground beef from cattle fed DGS compared with corn;
however, discoloration in their study was only analyzed
on d 0, 2, and 7, and cattle were not supplemented with
DGS during any other phase of production. In a study using the same group of cattle, Sudbeck et al. (2014) found
that strip loins from cattle fed on a finishing diet containing MDGS discolored sooner than those from cattle
fed finishing diets contained CCGF. Furthermore, when
cattle were supplemented with greater amounts of MDGS
and finished on CCGF, steaks discolored earlier in retail
display than steaks from cattle supplemented with lower
amounts of DGS during backgrounding (Sudbeck et al.,
2014). Beef patties discolored at a faster rate than strip
steaks from the same dietary treatments in a companion
study (Sudbeck et al., 2014). This is expected because
grinding introduces oxygen throughout the product and
disrupts membranes, creating an atmosphere more prone
to lipid oxidation. The results of this trial suggest that
although there were no differences in lipid oxidation of
raw ground beef patties due to diet, ground beef from heif-

Table 5. Effect of finishing diet and time of simulated retail display on objective color of raw ground beef patties
Diet1

Day of simulated retail display

Color values

CCGF

MDGS

SEM

0

0.5

1

2

3

5

6

SEM

L*
a*
b*

53.01a
15.07
10.49

51.73b
14.91
10.42

0.41
0.41
0.11

51.69vw
23.79t
12.16t

52.3v
19.35u
10.75u

51.54vw
16.80v
9.86w

52.43uv
13.27w
9.59x

52.61uv
10.43x
9.58x

53.55tu
8.19y
10.13w

53.81t
7.09z
10.44v

0.48
0.40
0.12

Means of color measures for diet with unlike superscripts differ (P < 0.05).
Means of color measures for days of simulated retail display with unlike superscripts differ (P < 0.05).
1
CCGF = commercial corn gluten feed (Sweet Bran, Cargill Corn Milling, Blair, NE); MDGS = modified distillers grains plus
solubles.
a,b
t–z
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ers finished with MDGS discolored at a greater rate than
ground beef from heifers finished with CCGF.

Lipid Oxidation of Cooked Links in Refrigerated
Storage
When data were analyzed using backgrounding diet by
finishing diet by antioxidant by storage time, an antioxidant concentration by day of refrigerated storage interaction (P < 0.05) was observed for refrigerated cooked link
lipid oxidation (Figure 2); however, no dietary treatment
interactions or main effects (P > 0.16) were observed. The
lack of dietary effects was likely due to the addition of
rosemary and green tea extract, which may have masked
any dietary effects on lipid oxidation in all samples. In the
full analysis, cooked beef links with no added rosemary
and green tea extract in refrigerated storage were more
oxidized at 9, 12, 15, and 18 d (P ≤ 0.001 for all) than
were links from any treatments containing antioxidants on
any day of storage (Figure 2). There were no (P > 0.05)
differences in lipid oxidation between cooked beef links
with 0.13 or 0.20% of added rosemary and green tea extract on any day of refrigerated storage. The sensory perception threshold of lipid oxidation has been reported to
be between 1 and 2.2 mg of malonaldehyde/kg of sample
(Tarladgis et al., 1960; Greene and Cumuze, 1982; Campo
et al., 2006). Ahn et al. (2007) determined that cooked
ground beef with no added antioxidants was already above
the general perception of the upper threshold of 2 mg
of malonaldehyde/kg of sample at d 0, and was significantly higher than ground beef with grape seed extract,
pine bark extract, or oleoresin of rosemary at all time
periods. Cooked ground beef with grape seed extract, pine
bark extract, and rosemary oleoresin added were below
the threshold through 9 d of refrigerated storage. Results
from the current study indicate that cooked ground beef

Figure 1. Effect of feeding commercial corn gluten feed (Sweet
Bran, Cargill Corn Milling, Blair, NE) or modified distillers grains
plus solubles (MDGS) during finishing on visual discoloration of
raw ground beef patties in simulated retail display (SEM = 4.38;
n = 8 for each finishing diet and day of simulated storage). *Days
where treatments differ (P < 0.05).
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links with the addition of rosemary and green tea extract
at 0.13 or 0.20% were below this threshold for up to 18 d
of refrigerated storage.
When only samples with 0% added rosemary and green
tea extract were analyzed to determine dietary effects,
significant winter backgrounding diet by day of storage
(P = 0.008) and finishing diet by day of storage (P =
0.02) interactions were identified. Winter backgrounding
supplementation rate had no effect (P > 0.05) on lipid
oxidation of cooked ground beef in refrigerated storage
on d 0, 3, and 6 of refrigerated storage, but cattle fed
2.27 kg of MDGS daily during backgrounding had greater
lipid oxidation than cattle fed 0.91 kg of MDGS on d 9,
12, and 18 (P < 0.02; Figure 3). For the finishing diet by
day of storage interaction, there was an increase in lipid
oxidation for d 0, 3, 6, 9, and 12 for cattle fed MDGS,
whereas cattle finished on CCGF had little increase in
oxidation until d 12; however, only on d 9 was the oxidation of beef from cattle fed MDGS greater than those fed
CCGF (P = 0.02; Figure 4). This suggests that feeding
MDGS at any point in production can increase lipid oxidation, but backgrounding supplementation at higher rates
may have a greater effect. Dierks et al. (2017) also found
that supplementing cattle with greater amounts of DGS
during backgrounding resulted in greater lipid oxidation
in cooked beef patties, but this was not accompanied by
changes in fatty acid composition. This could be a further
indication that changes in phospholipid composition, as
reported by Chao (2015), could be related to greater lipid
oxidation. Dierks et al. (2017) found that finishing cattle
with a diet including distillers grain tended to decrease
lipid oxidation, which is in contrast to this study. Gunn et
al. (2009) did not see a finishing diet effect on lipid oxidation in raw top round samples; however, the samples were
aged for 7 d in a vacuum package, which limited expo-

Figure 2. Effect of adding 0, 0.13, or 0.20% of a rosemary
and green tea natural plant extract on the lipid oxidation (mg
of malonaldehyde/kg of sample) in cooked beef links during
refrigerated storage (SEM = 0.66; n = 16 for each antioxidant
treatment and day combination). *Days where control is greater
than antioxidant treatments (P < 0.05).
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Lipid Oxidation of Cooked Links in Frozen
Storage

sure to oxygen. Comminution and cooking likely intensify
the susceptibility of beef from cattle supplemented with
MDGS to lipid oxidation, hence the increase in TBARS
values of beef from cattle supplemented with MDGS during finishing earlier in storage (Sato and Hegarty, 1971;
Min et al., 2010). This concept also applies to beef from
cattle supplemented with higher concentrations of MDGS
during backgrounding. Despite this, regardless of diet, all
cooked beef links without rosemary and green tea extract
regardless of diet exceeded the 2 mg of malonaldehyde/kg
of sample threshold after d 6 of refrigerated storage, thus
highlighting the benefits of added rosemary and green tea
extract.

For beef links in frozen storage, there was an antioxidant by time interaction (P < 0.001), where cooked beef
links with 0.13 and 0.20% added rosemary and green tea
extract were less oxidized than the cooked beef links with
0% added rosemary and green tea extract on all days except d 0 (Figure 5). No differences were found between
samples with 0.13 or 0.20% added rosemary and green tea
extract at any sampling time. This is in agreement with
the results from beef links in refrigerated storage in which
no differences in lipid oxidation were observed among 0.13
and 0.20% rosemary and green tea extract concentrations.
All cooked link samples with added rosemary and green
tea extract were below the 2 mg of malonaldehyde/kg
of sample threshold. Very little increase in lipid oxidation was seen beyond d 28, indicating that frozen storage
slowed the rate of lipid oxidation.
In frozen cooked ground beef links, diet did not have
any effect on oxidation in the full backgrounding diet ×
finishing diet × antioxidant × storage time analysis. As
with refrigerated cooked beef links, a subsequent analysis was conducted using samples without added rosemary
and green tea extract to determine the dietary effect on
lipid oxidation in frozen beef links. Interactions were observed for backgrounding diet by day of storage and finishing diet by day of storage (P = 0.02 and P = 0.01,
respectively). Lipid oxidation increased from d 0 to 28 of
frozen storage in cooked beef links from cattle fed both
backgrounding supplements. After d 28, lipid oxidation of
cooked beef links from cattle fed the higher supplementation of MDGS during backgrounding continued to increase
with storage time, whereas cooked beef links from cattle
fed the low supplementation plateaued. However, d 168
was the only day with a significant difference (P = 0.04;

Figure 4. Effect of feeding commercial corn gluten feed (Sweet
Bran, Cargill Corn Milling, Blair, NE) or modified distillers grains
plus solubles (MDGS) during finishing on lipid oxidation (mg
of malonaldehyde/kg of sample) in cooked beef links during
refrigerated storage (SEM = 0.59; n = 8 for each finishing diet
and day of storage). *Days where treatments differ (P < 0.05).

Figure 5. Effect of adding 0% (control), 0.13% (low), or 0.20%
(high) of a rosemary and green tea natural plant extract as an
antioxidant on the lipid oxidation (mg of malonaldehyde/kg of
sample) in cooked beef links during frozen storage (SEM = 0.14;
n = 16 for each antioxidant quantity and day of storage). *Days
where control is greater than antioxidant treatments (P < 0.05).

Figure 3. Effect of amount of supplementation of modified
distillers grains with solubles (MDGS; 0.91 or 2.27 kg/head
daily, DM basis) during backgrounding on lipid oxidation (mg
of malonaldehyde/kg of sample) in cooked beef links during
refrigerated storage (SEM = 0.59; n = 8 for each supplementation
treatment and day of storage). *Days where treatments differ (P
< 0.05).
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Table 6. Interactions of days of storage × backgrounding
diet and days of storage × finishing diet on lipid oxidation1
in frozen, cooked beef links1
Backgrounding2

Finishing3

Day

Low

High

SEM

CCGF

MDGS

SEM

0
28
56
112
140
168

0.40d
1.68bc
1.71bc
1.75bc
1.74bc
1.72bc

0.43d
1.70bc
1.66c
2.18ab
2.27ab
2.65a

0.19
0.30
0.14
0.19
0.20
0.28

0.11z
1.78wx
1.25x
1.85w
1.96w
2.15w

0.71y
1.6wx
2.13w
2.08w
2.05w
2.22w

0.19
0.30
0.15
0.19
0.20
0.28

Means within the backgrounding phase with unlike
superscripts differ (P < 0.05).
w–z
Means within the finishing phase with unlike superscripts
differ (P < 0.05).
1
mg of malonaldehyde/kg of sample. n = 8 for each diet
and day combination.
2
Low = 0.91 kg/head daily supplementation of modified
distillers grains plus solubles (MDGS); High = 2.27 kg/
head daily supplementation of MDGS.
3
CCGF = commercial corn gluten feed (Sweet Bran,
Cargill Corn Milling, Blair, NE).
a–d
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MDGS increased PUFA concentrations, resulted in greater discoloration in raw beef in retail display (d 3, 5, and
6), and increased lipid oxidation in cooked beef links in
refrigerated (d 9) and frozen (d 0 and 56) storage. However, the addition of antioxidant compounds counteracted
any dietary effect of feeding MDGS in cooked beef links
in refrigerated and frozen storage. These findings identify
the effects of feeding ethanol co-products to cattle on raw
and cooked ground beef and demonstrate the effectiveness
of added antioxidants in cooked beef products.
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ABSTRACT
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feed ingredient has on the productivity of the food-producing animal. Recently, increased ethanol production
from corn in the Midwest has resulted in the increased
availability of distillers grains and co-products. Moreover,
dried distillers grains with solubles (DDGS) are often an
economical protein source for animal production. Dried
distillers grains with solubles are also a good source of
RUP (Firkins et al., 1984; Powers et al., 1995) in the ration of a lactating dairy cow. Prior research has indicated
that DDGS can effectively be fed to lactating dairy cows
without changing DMI or milk fat percentage while either
not affecting or in some cases increasing yield of milk,
yield of energy-corrected milk (ECM), fat, protein, and
feed efficiency when compared with a traditional TMR
not containing DDGS when forage is held constant (Anderson et al., 2006; Kleinschmit et al., 2006; Havlin et
al., 2015). Conversely, our prior research showed decreased
milk fat percentage and milk yield when cows were fed
25% DDGS with 12.1% fat (Testroet et al., 2015). Additionally, composition and nutritional value of DDGS can
be highly variable, depending on manufacturing practices
(Spiehs et al., 2002), even within the same ethanol plant
(Belyea et al., 2004). As the ethanol industry has matured,
however, so has the realized value of DDGS as a co-product rather than as a by-product. Consequently, ethanol
production plants have developed more consistency in the
nutritional quality of DDGS they produce. Therefore, it
was the objective of this study to investigate the effects of
feeding full-fat DDGS produced with current manufacturing practices on the feed efficiency and production performance of lactating Holstein dairy cows. In addition, based
on our prior research, we hypothesized that feeding fullfat DDGS at 20% of dietary DM to lactating dairy cattle
would negatively influence the production and efficiency
of dairy cows when compared with diets containing 0 or
10% of DM as DDGS.

INTRODUCTION

MATERIALS AND METHODS

Our objective was to evaluate production performance
of lactating Holstein dairy cows fed 3 different dietary concentrations of full-fat dried distillers grains with solubles
(DDGS; 13.6% fat, DM basis). Thirty cows were fed 0, 10,
and 20% DDGS DM as a TMR in a 3 × 3 crossover. Cows
were stratified into groups of 10 by parity and DIM and
fed each of 3 diets in three 28-d periods. Based on our prior
research, we hypothesized that feeding 20% DDGS (DM
basis) would negatively influence production and feed efficiency of dairy cattle. Effect of DDGS on DMI was inconsistent; the control and 20% DDGS diets were equivalent
and the DMI of cows fed 10% DDGS was lower than both.
Milk yield was not affected by treatment, but there was
a linear depression in milk fat percentage, milk yield, and
yield of 3.5% FCM and energy-corrected milk (ECM) with
increasing DDGS in the diet. Both protein and lactose
percentages increased when cows were fed DDGS; neither
protein nor lactose yield, however, was affected. Protein
efficiency, a measure of the use of dietary protein for milk
protein synthesis, decreased for cows fed 20% DDGS, possibly resulting from differing amounts of metabolizable
lysine. All 3 measures of energetic efficiency [ECM/DMI,
kg of ECM/NEl intake (Mcal), and GE of milk produced
(Mcal)/NEl caloric intake (Mcal)] decreased when cows
were fed 20% DDGS but not when cows were fed 10%
DDGS. These results indicate that, with the exception of
an approximate loss of milk fat by 0.5 percentage points,
full-fat DDGS used in this study can be effectively fed at
10% without a loss in production performance when compared with a control diet not containing DDGS. Feeding
the full-fat DDGS at 20%, however, is not advisable.

An important consideration when choosing any feed ingredient to include in a ration is the influence that the
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Animals and Diets
All experimental protocols were approved by the Iowa
State University Institutional Animal Care and Use Committee before commencement of the study. Thirty midlactation (164.4 ± 16.2 DIM), multiparous Holstein cows
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were fed diets containing 0, 10, or 20% corn DDGS (Heartland Cooperative, Prairie City, IA). Cows were assigned
randomly to 1 of 3 treatment sequences in a 3 × 3 crossover design. Diets were formulated to be isonitrogenous
(16.5% protein) and isoenergetic (Table 1). Samples of
experimental diets were collected and pooled over a period
of 3 d from both daily feedings during wk 3 and 4 of each
experimental period. Experimental diets were then combined, randomly sampled, and sent to Dairylands Laboratory (Arcadia, WI) for chemical analyses by wet chemistry
methods and fatty acid analysis by gas chromatography.
Feed composition is represented as the mean of 6 samplings and presented in Table 2, showing that, as designed,
no differences in CP and estimated NEl exist. Fiber (acid
detergent) was determined by AOAC Official Method
973.18 (1996) and lignin by AOAC Official Method 973.18
(AOAC International, 2000), ether extract was determined by using AOAC Official Method 945.16 and AOAC
Official Method 920.39, feed fatty acids were quantified
by using the method described by Pritam and Palmquist
(1988), nitrogen was quantified by using AOAC Official
Method 990.0, minerals were determined by inductively
coupled plasma mass spectrometry by using AOAC Official Method 985.0 and AOAC Official Method 2011.14,
NDF was determined as described by Mertens (2002), acid
detergent insoluble CP was determined by using AOAC
Official Method 973.18 and AOAC Official Method 990.03,
ash was determined by AOAC Official Method 942.05,
and finally DM was determined by using National Forage
Testing Association Method 2.1.4. Although rations were
formulated to contain 16.5% protein, the 10% DDGS ration contained 0.5 percentage points more protein than
did the control ration. Cows were housed at the Iowa State
University Dairy Farm (Ames, IA) together in a 48-cow,
free-stall pen and individually fed there twice daily (0700
and 1700 h) with a Calan Data Ranger (American Calan
Inc., Northwood, NH) to allow for approximately 15% refusal. Feed ingredients in a TMR were mixed before being
loaded onto the Data Ranger by using a Patz V615 mixer
(Patz Corporation, Pound, WI). Cows were allowed ad
libitum access to food and water, except for 3 times daily
during which they were being milked (8 h apart). Initially,
cows were allowed 7 d to adapt to using the Calan gates
(American Calan Inc.). For each 28-d experimental period,
the data from the first 13 d of each 28-d experimental
period were used as a washout and excluded from the
analysis to limit carryover effects.

Milk Yield and Composition
Total milk yield was recorded daily using an automatic weighing milking system (Boumatic, Madison, WI).
During each period, on d 14, 21, and 28, individual milk
samples were collected automatically from each milking to
represent one complete milking (i.e., a 24-h period) by the
Boumatic milking system. Milk samples (30 to 40 mL at
22 ± 2°C) then were transported immediately to a campus

laboratory for component analyses in duplicate by using a
Lacticheck-01 RapiRead Milk Analyzer (Page & Pedersen
Intl. Ltd., Hopkinton, MA). Analyzed components include
percentage fat, protein, and lactose.

Statistical Analyses
Statistical analyses of milk composition, yield, and feed
efficiency were performed by using SAS version 9.3 (Cary,
NC) and Proc MIXED. Data were analyzed as a 3 × 3
crossover design. The model included 3 fixed effects (sequence, period, and treatment) and cow(sequence) as a
random effect. Linear and quadratic contrasts also were
performed. When significant quadratic effects were found,
means were separated by using an F-protected LSMEANS
test. Feed fatty acid composition is presented as the mean
of 6 samplings with the associated standard deviation.

RESULTS AND DISCUSSION
To evaluate the effect of feeding DDGS on feed efficiency
and milk production, Holstein cows were fed DDGS at 3
different concentrations. To satisfy the requirements of a
crossover design, the 5 cows that were removed from the
trial because of illness (e.g., mastitis) were not included in
data analyses. Dry matter intake (Table 3) was affected in
a quadratic manner by dietary treatments, where DMI for
cows fed the 0 and 20% DDGS was greater than the DMI
of cows fed 10% DDGS. Similar previous studies have reported no change in DMI for cows fed 10 and 20% DDGS
DM when forage was held constant (Anderson et al., 2006;
Kleinschmit et al., 2006). To maintain isoenergetic and
isonitrogenous diets, the ingredient composition of the
control and 10% DDGS rations had to be altered (Table 1). In particular, SoyPlus (West Central Cooperative,
Ralston, IA) was replaced with DDGS, and the 0 and 10%
diets contained Supercharger (a tallow-based supplement;
Origo, New Ulm, MN), whereas the 20% diet contained
tallow. The reason for the different fat sources was because
a custom concentrate mix had to be formulated for the
20% DDGS ration to maintain the nutritional equivalence
of the diets. It is possible that the changes in ingredient
composition, particularly the increased NDF, which has
been used as a predictor of intake, in the 10% DDGS diet
(Table 2) can explain the quadratic response of DMI.
Milk yield (Table 3) was unaffected by treatment. However, both 3.5% FCM and ECM (Table 3) were decreased
linearly as DDGS increased from 0 to 20%. These results
are supported by findings reported by Testroet et al.
(2015), who maintained similar forage levels in the rations and also reported a decrease in milk fat percentage in cows fed both 10 and 25% full-fat DDGS (DM
basis). The decrease in FCM and ECM could be related
to (1) inhibition of fiber digestion by increasing dietary
fat (fat percentages: 0% DDGS was 5.6% fat, 10% DDGS
was 6.9% fat, and 20% DDGS was 7.6% fat; Table 2), (2)
inhibition of fat synthesis in the mammary gland, (3) both
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Table 1. Feed formulations of 3 experimental diets, fed as a TMR, containing different
concentrations of dried distillers grains with solubles (DDGS)
Treatment
Ingredient, % DM
Corn silage
Alfalfa hay
Soybean meal (48%)
SoyPlus1
Cottonseed (whole)
Finely ground corn
DDGS
Supercharger II2
Limestone
Blood meal
Sodium bicarbonate
Rock salt
Animal fat
Urea
Pork meat and bone meal
Monocalcium phosphate 21%
Magnesium oxide
Metasmart3
Dynamate4
Dairy balancer II5
Monensin 906
Forages
Concentrates

0% DDGS

10% DDGS

20% DDGS

31.4
19.5
1.8
4.2
8.6
28.1
0.0
0.9
0.8
0.6
0.6
0.5
—
0.4
0.3
0.2
0.2
0.1
0.1
0.1
0.01
50.9
49.1

27.9
19.5
0.0
1.3
8.6
26.3
10.0
0.9
0.8
0.6
0.6
0.5
—
0.4
0.3
0.2
0.2
0.1
0.1
0.1
0.01
47.5
52.5

22.7
19.5
0.0
1.4
8.6
23.0
20.0
—
1.5
—
0.6
0.5
0.4
—
—
—
0.2
0.1
—
0.1
0.01
42.3
57.7

West Central Cooperative (Ralston, IA).
Fat supplement (Origo, New Ulm, MN).
3
Methionine supplement (Adisseo USA Inc., Alpharetta, GA).
4
Potassium and magnesium supplement (Consumer’s Supply Distributing Company, Sioux
City, IA).
5
Vitamin and trace mineral premix (Nutrition Professionals Inc., Hortonville, WI): composition
(% as fed): Unical-M (CaCO3 supplement; ILC Resources, Urbandale, IA), 68.45; Dynamate,
0.11; mineral oil, 0.54; cobalt (II) carbonate, 0.03; copper (II) sulfate, 4.49; ethylenediamine
dihydroiodide, 0.11; magnesium oxide, 0.50; manganese (II) sulfate, 6.33; sodium selenite,
2.65; zinc (II) sulfate, 11.26; vitamin A 1,000, 0.44; vitamin D3 500, 0.31; vitamin E 227, 4.43;
and rice hulls, 0.35.
6
Elanco (Greenfield, IN).
1
2

of the previously stated reasons, or (4) sorting behavior
during eating because of the greater DM content of the
20% DDGS ration. Increasing dietary fat concentrations
linearly decreases fiber digestion in ruminants, with fat
concentrations of 8% decreasing fiber digestibility by over
10% (Zinn, 1989). The above explanation is supported by
Cyriac et al. (2005), who found that increasing concentrations of DDGS in place of corn silage decreased milk fat
linearly, which was speculated to be a result of a combination of low effective fiber and high concentrations of unsaturated fatty acids in DDGS. Additionally, incomplete
biohydrogenation of unsaturated fatty acids by rumen microbes leads to production of trans-10, cis-12 conjugated

linoleic acid, which decreases de novo milk fat synthesis in
the mammary gland (Baumgard et al., 2001). Moreover,
feeding of unsaturated fatty acids to ruminants has long
been known to induce milk fat depression (Maynard et
al., 1936; Garner and Sanders, 1938; Moore et al., 1945).
Both the 10 and 20% DDGS treatment diets had less SFA,
more PUFA, and more unsaturated fatty acids (Table 4).
In addition, as DDGS inclusion increased, the unsaturated
fatty acid/SFA ratio increased (Table 4). Taken together,
the increased unsaturated fatty acid content, specifically
the increased PUFA intake of cows fed the experimental
diets containing DDGS, and the inhibition of fiber digestion by the fat content of the experimental diets contain-
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Table 2. Proximate analyses of dried distillers grains with solubles (DDGS) and pooled
experimental diets1
Experimental diet
Component2
Moisture, %
DM, %
CP, %
ADF, %
aNDF with Na2SO3, %
Lignin (sulfuric acid), %
Lignin, % of NDF
AD-ICP, % of CP
AD-ICP, % of DM
ND-ICP, % of CP est. without Na2SO3
ND-ICP, % of DM est. without Na2SO3
Fat,4 %
Ash, %
Calcium, %
Phosphorus, %
Magnesium, %
Potassium, %
Sulfur, %
Sodium, %
Chloride, %
TDN (OARDC),5 %
NFC
NEl (OARDC), Mcal/kg
DCAD,6 mEq/100 g

DDGS
9.56
90.44
32.55
17.1
N/A3
4.4
19.5
19.0
6.1
N/A
N/A
13.5
5.1
0.1
1.0
0.4
1.1
0.9
0.2
0.2
85.2
26.3
2.0
−5.3

0%

10%

20%

SEM

43.8
56.2
16.6
20.4
30.6
4.0
13.3
10.9
1.8
16.0
2.7
5.6
6.9
1.0
0.4
0.3
1.2
0.2
0.4
0.6
71.5
41.0
1.6
3.9

41.3
58.7
17.1
23.7
32.4
5.6
17.4
14.0
2.4
10.7
1.8
6.9
6.7
0.9
0.4
0.3
1.2
0.3
0.4
0.6
69.1
37.8
1.6
2.8

37.1
62.9
16.9
21.8
28.8
5.6
19.6
18.9
3.2
5.3
0.93
7.6
6.9
1.0
0.4
0.3
1.1
0.4
0.4
0.6
69.8
40.7
1.6
1.8

0.71
0.71
0.20
0.78
0.84
0.55
1.85
2.58
0.44
2.85
0.54
0.15
0.13
0.04
0.01
0.01
0.03
0.01
0.02
0.03
1.12
0.74
0.03
0.24

Data are expressed as the means of 6 composite samples as a percentage of DM unless
otherwise stated.
2
aNDF = amylase-treated NDF; AD-ICP = acid-detergent insoluble CP; ND-ICP = neutraldetergent insoluble CP; est. = estimated; NFC = nonfiber carbohydrate.
3
N/A = not assessed.
4
TMR determined by ether extract, and DDGS determined by petroleum ether extract.
5
A summative calculation based on an Ohio Agricultural Research and Development Center
(OARDC) method (an approach for energy evaluation).
6
DCAD was calculated as follows:
Na (% DM) K (% DM)
Cl (% DM) S (% DM)
,
Cad1 =
+
, Cad2 =
+
2.3
3.9
3.55
1.6
DCAD = Cad1 − Cad2.
1

ing DDGS diets help explain the observed decrease in milk
fat percentage and daily milk fat production observed in
this study (Table 3).
Our results, however, conflict with previously reported
performance data where no change in fat percentage (Anderson et al., 2006; Kleinschmit et al., 2006) and increased
FCM (Kleinschmit et al., 2006) and ECM were observed
with inclusion of DDGS when fiber content of the ration
was held constant (Anderson et al., 2006; Kleinschmit et
al., 2006). One likely explanation for the differences in
milk fat percentage, and consequently ECM and FCM, is
that the fat content, and therefore the corn oil content (in
particular PUFA intake, Table 3), of the DDGS in these

other studies ranged from 9.7% up to 10.8%, whereas our
DDGS contained 13.5% fat. A second possible explanation, or partial contributor, to the decrease in milk fat percentage in this study is the forage being less than 50% of
the DM in the diets of the 10 and 20% DDGS treatments
(Table 1), which has been suggested by Kalscheur (2005)
to contribute to milk fat depression. Despite the high NDF
of DDGS, the particle size of DDGS makes them an ineffective source of fiber (Schingoethe et al., 2009). Although
the hay remained constant in the 3 treatment diets, the
corn silage content of the 10 and 20% DDGS treatments
was decreased to accommodate DDGS inclusion (Table
1). Decreased forage, however, likely does not solely ex-
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plain the decrease in milk fat percentage because even the
10% DDGS diet that contained 47.5% forage (Table 1)
resulted in a loss of about 0.5 percentage points of milk fat
(Table 3). In addition, our prior research (Testroet et al.,
2015) resulted in cows producing milk with a lower milk
fat percentage even when they were fed a 10% DDGS diet
containing 57.1% forage DM and a 25% DDGS diet containing 54.3% forage, exceeding the 50% forage DM recommendation for effectively feeding DDGS at up to 20%
DM (Kalscheur, 2005), thereby likely exceeding the 22%
forage NDF requirement. In addition to our previous research, Benchaar et al. (2013) observed an increase in milk
yield without a change in milk fat yield resulting in decreased milk fat percentage when cows were fed diets containing 20 and 30% DDGS (16.3% fat) even when rations
were formulated to contain 60.1% forage. The particle size
of the forage components of the diet, however, is unlikely
to be a contributor to milk fat depression because the
cows fed the control diet (no DDGS inclusion) produced
milk with a fat percentage consistent with what would be
expected from lactating Holstein dairy cows (Table 3).
Another possible contributing factor to milk fat depression is the DCAD value of diets. Results of previous research have shown that increasing the DCAD value of
the diet can improve milk fat percentage (Hu et al., 2007;
Wildman et al., 2007; Harrison et al., 2012); however, Erd-

man et al. (2011) found no effect on milk fat percentage
when increasing DCAD. In this experiment, DCAD (Table
2) is unlikely to have contributed to milk fat depression
because the DCAD of all 3 diets was very similar (<2.5
mEq/100 g difference). Yet, the cows fed 0% DDGS did
not experience milk fat depression. The most likely reason
for the cows experiencing milk fat depression and for the
inconsistent results from what has been reported previously by Kleinschmit et al. (2006) and Anderson et al.
(2006) is the amount of corn oil that was fed to the cows,
combined with decreasing amounts of forage as DDGS inclusion was increased, as was reported by Cyriac et al.
(2005). In the experiment by Kleinschmit et al. (2006),
the DDGS they fed contained 7.21% fat and had constant
forage concentrations, resulting in the 20% DDGS DM
diet containing 0.41 kg of corn oil and 4.60% fat. Anderson et al. (2006) fed DDGS that contained 9.67% fat,
and diets had a constant forage concentration, resulting
in their 20% DDGS diet containing 0.58 kg of corn oil
and 4.47% fat. In this experiment, however, the DDGS
contained 13.5% fat, resulting in even our 10% DDGS diet
containing almost as much corn oil as 20% DDGS diets in
the previously mentioned experiments (in this experiment
the corn oil content was as follows: 10% DDGS: 0.47 kg of
corn oil, 6.9% fat; 20% DDGS: 0.85 kg of corn oil, 7.6%
fat). In addition, the unusually high fat content of the

Table 3. Effects of feeding dried distillers grains with solubles (DDGS) at 0, 10, and 20% dietary inclusion (DM) on DMI, milk
production and composition, and feed efficiency expressed as grand mean
Treatment
Item
DMI, kg/d
PUFA intake, kg/d
Milk yield, kg/d
3.5% FCM yield,1 kg/d
ECM yield,2 kg/d
Fat, %
Fat yield, kg/d
Protein, %
Protein yield, kg/d
Lactose, %
Lactose yield, kg/d
Protein efficiency,3 %
3.5% FCM/DMI
ECM/DMI
kg of ECM/NEl intake, Mcal
Energetic efficiency,4 %

P-value

0% DDGS

10% DDGS

20% DDGS

SEM

Linear

Quadratic

25.38b
0.70
39.75
37.08
41.72
3.60
1.41
3.66
1.45
5.11
2.03
34.57
1.46
1.65
1.01b
64.53b

24.22a
0.86
39.39
33.60
38.72
3.07
1.19
3.70
1.45
5.19
2.04
34.89
1.39
1.60
1.00b
63.73b

26.21b
1.07
38.82
31.60
36.94
2.80
1.07
3.72
1.44
5.24
2.03
32.59
1.21
1.41
0.89a
56.41a

0.55
0.02
1.60
1.37
1.49
0.14
0.06
0.02
0.05
0.03
0.08
1.21
0.05
0.06
0.03
2.21

0.157
<0.0001
0.325
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.810
<0.0001
0.968
0.037
<0.0001
<0.0001
<0.0001
<0.0001

0.003
0.088
0.903
0.362
0.480
0.109
0.201
0.539
0.879
0.351
0.849
0.109
0.178
0.087
0.034
0.042

Items within a row with differing superscripts differ (P < 0.05).
3.5% FCM yield = [0.4 × milk yield (kg/d)] + [15 × milk fat yield (kg/d)].
2
Energy-corrected milk (ECM) = [0.327 × milk yield (kg/d)] + [12.95 × milk fat yield (kg/d)] + [7.2 × protein yield (kg/d)].
3
Protein efficiency = [CP in milk (kg/d)]/[CP intake (kg/d)].
4
Energetic efficiency = [estimated GE in milk (Mcal)]/[NEl caloric intake (Mcal)], estimated GE of milk (Mcal) = [4 × milk protein
(kg/d)] + [4 × milk lactose (kg/d)] + [9 × milk fat (kg/d)].
a,b

1
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DDGS resulted in diets containing greater than optimal
fat concentrations, which could have inhibited fiber digestibility, and the greater amount of PUFA intake (Table 3)
could have inhibited milk fat synthesis.
Milk protein percentage was greatest in the 20% DDGS
treatment group with a 0.04 percentage point increase
when compared with control (Table 3). The alteration of
protein source (i.e., DDGS vs. soybean meal/blood meal),
to maintain isonitrogenous diets, could explain some of the
protein-related results because of different concentrations
of limiting AA. Total daily protein yield was, however,
unaffected by treatment (Table 3). Again, these results are
inconsistent with prior research with dairy cows fed 20%
DDGS that reported a decrease in protein percentage with
no change in protein yield when forage was held constant
(Anderson et al., 2006; Kleinschmit et al., 2006). The differences can be explained by the increases in milk yield
observed by both Anderson et al. (2006) and Kleinschmit
et al. (2006) that diluted the total protein and thereby decreased the protein percentage. In our study, however, we
did not see any effect of treatment on milk yield.

Lactose percentage was increased for both the cows fed
10 and 20% DDGS diets, but, as with total daily protein,
total yield was unaffected by treatment (Table 3). These
results are not consistent with prior work that showed no
change in lactose percentage but an increase in total daily
lactose production (Anderson et al., 2006; Kleinschmit et
al., 2006), as would be expected if the increase in lactose
production offset the dilution of lactose by increased milk
volume. As with the protein percentage and protein yield,
the explanation of the concentration does not hold true in
this study because milk yield was not affected by treatment. Also, both the increases in protein and lactose percentages with cows fed DDGS are in agreement with our
prior research (Testroet et al., 2015).
Protein efficiency, a measurement of use of dietary protein for milk protein synthesis, decreased linearly when
cows were fed increasing amounts of DDGS (Table 3). One
possible explanation for the decreased protein efficiency
of cows fed 20% DDGS is that those diets (Table 2) contained the greatest amount of acid detergent insoluble CP,
which is less available to the animal for utilization (Goer-

Table 4. Fatty acid composition of 3 treatment pooled TMR containing differing concentrations
of dried distillers grains with solubles (DDGS)
Treatment2
Fatty acid,1 wt %
C12:0 + C14:0
C14:1
C16:0
C16:1
C17:0
C18:0
C18:1
C18:2
C18:3
C19:0
C20:0
C20:1
C20:2
C20:3
C20:4
C22:1
C24:0
C24:1
Other
SFA
MUFA
PUFA
UFA3
UFA/SFA

0% DDGS

10% DDGS

20% DDGS

0.39
1.28
20.10
0.66
0.15
3.03
25.00
44.76
4.04
0.00
0.08
0.22
0.04
0.08
0.00
0.02
0.04
0.00
0.01
23.79
27.17
48.92
76.08
3.20

0.36
0.90
19.09
0.64
0.15
2.49
24.52
47.48
3.68
0.00
0.19
0.24
0.02
0.10
0.00
0.02
0.04
0.00
0.01
22.29
26.31
51.26
77.57
3.49

0.31
0.57
17.61
0.45
0.16
2.08
24.36
50.64
3.13
0.00
0.16
0.22
0.07
0.08
0.00
0.01
0.04
0.00
0.07
20.32
25.62
53.89
79.51
3.93

Expressed as number of carbons:number of double bonds.
Expressed as mean of 6 samples.
3
UFA = unsaturated fatty acids.
1
2

SD
0.049
0.27
0.81
0.17
0.098
0.17
0.71
0.78
0.27
ND
0.073
0.073
0.49
0.024
ND
0.0073
0.0073
ND
0.024
0.69
0.83
0.61
0.69
0.15

Lactational performance and corn distillers grains

ing et al., 1972; Yu and Thomas, 1976). Kleinschmit et al.
(2006) observed an improvement in protein efficiency in
cows fed DDGS, but the acid detergent insoluble CP was
much lower in their study than in ours. A second possible,
and more likely, explanation is that the different protein
sources that were used to maintain isonitrogenous diets
resulted in different concentrations of limiting AA (i.e.,
soybean sources and blood meal have concentrations of
metabolizable lysine). However, feed AA were not quantified in this study. Because DDGS are a good source of
RUP (Firkins et al., 1984; Powers et al., 1995), it would
be expected that protein efficiency should increase with
greater inclusion of DDGS.
One measure of feed efficiency is to calculate the ratio of
ECM to DMI (ECM/DMI). The ECM/DMI decreased
for cows fed 20% DDGS when compared with cows fed 0
and 10% DDGS (Table 3). The decrease in ECM/DMI
seems directly related to the decrease in milk fat production. These results are not consistent with previous
research that showed an improvement in ECM/DMI for
cows fed 20% DDGS when forage content was not altered
(Anderson et al., 2006; Kleinschmit et al., 2006). Neither
of these published studies observed milk fat depression.
When compared with research published with cows fed
a TMR that did not include DDGS, previously reported
ECM/DMI of Holstein cows ranged from 1.5 to 1.8 (Schingoethe et al., 2004; Hart et al., 2014; Wall et al., 2014).
Our cows performed similarly (1.65 and 1.60 for cows fed
0 and 10% DDGS, respectively), but they performed worse
when fed 20% DDGS (1.41). The results can be explained
because there was no change in milk or protein yield for
any treatment, but there was a depression in milk fat yield
for cows fed 20% DDGS, accompanied with the greatest
DMI of any treatment.
In addition to ECM/DMI, 3.5% FCM/DMI (FCM/
DMI) can be used as a measure of feed efficiency. In this
study, FCM/DMI decreased linearly when cows were fed
increasing amounts of DDGS (Table 3). Prior researchers
reported FCM/DMI ranging from 1.5 to 1.78 when cows
were fed a traditional TMR not containing DDGS (Martinez et al., 2009; Devries et al., 2011; Maiga et al., 2011;
Hart et al., 2014; Wall et al., 2014), whereas in this study
cows fed 0, 10, and 20% DDGS had a FCM/DMI of 1.49,
1.45, and 1.23, respectively. In this study, cows fed 0 and
10% DDGS, except for decreased milk fat and FCM for
cows fed 10% DDGS, performed similarly to previously
published data, but cows fed 20% DDGS had a considerably lower FCM/DMI, likely because of the milk fat depression and increased DMI of those cows when compared
with cows fed the control diet.
Another measure of feed efficiency is to calculate the
amount of caloric intake (represented by the NEl) that is
needed to produce 1 kg of ECM (ECM/NEl). Feeding
cows 20% DDGS resulted in the poorest use of available
NEl, which was a direct result of the decreased milk fat
production (Table 3). As far as the authors are aware,
there is no prior research that involved dairy cows fed
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DDGS that reported ECM/NEl to which a comparison
can be made.
Finally, energetic efficiency (a ratio of the estimated caloric value of milk to the NEl of the feed) decreased for
cows fed 20% DDGS, meaning that more calories must be
fed to produce one calorie of milk when cows are fed 20%
DDGS than when they are fed 0 and 10% DDGS (Table
3). As with ECM/NEl, the authors are not aware of a
study to which a comparison can be made.

IMPLICATIONS
Results of the described experiment indicated that feeding DDGS had a quadratic effect on DMI. Our results,
however, do support our hypothesis that, under stated
experimental conditions, almost every metric of feed efficiency linearly decreased as DDGS inclusion increased.
Feeding DDGS with full fat resulted in a linear decrease
in performance in almost every measure employed in this
study, with the exception of lactose and protein yield.
Feeding full-fat DDGS at both 10 and 20% concentrations resulted in milk fat depression, decreased 3.5% FCM,
and increased protein and lactose percentage. Therefore,
the experiment indicated that the limitations of feeding
DDGS without inducing milk fat depression are complex
and multifaceted, requiring consideration of oil content in
addition to particle size and forage content when formulating rations.
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ABSTRACT
The BW growth curves for twenty-five 4,000-head finishing barns were simulated to evaluate the effect of 2 types of
market pig sorting errors on the sort loss at different mean
carcass weights (CW). Two types of errors were evaluated:
BW estimation error (BWEE) and percentage of pigs not
visually evaluated (PNVE). Four levels of BWEE with SD
of 0, 4, 6, and 8% of BW and 4 levels of PNVE (0, 8, 16,
and 24%) were simulated. Sort loss was calculated using
a market value system for a United States pork processor. Pigs were initially marketed in 3 marketing cuts, 25%
at 169, 25% at 179, and the remaining 50% at 193 d of
age. Then the marketing ages for the pigs were shifted in
weekly intervals with mean ages of 155.5 to 211.5 d. The
number of pigs with sort loss and mean sort loss per pig
were fitted to a model including the fixed effects of level
of marketing age (AGE), BWEE, PNVE, and their interactions and random effect of replicate barn. The effects
of AGE, BWEE, and PNVE, and AGE × PNVE, AGE
× BWEE, and AGE × BWEE × PNVE interactions affected both variables (P < 0.001). Sort loss increased more
rapidly with increased CW at higher levels of BWEE and
PNVE (P < 0.001). The effect of sorting accuracy on financial loss is dependent on the CW. The effects of sorting
accuracy and interactions with CW must be considered in
the evaluation of alternative marketing strategies.
Key words: pork, marketing, sort loss, stochastic model,
pig supply chain

INTRODUCTION
Pig marketing grids have been established in which carcasses heavier or lighter than a specified carcass weight
(CW) range are discounted in value. Most commercial
pork producers visually evaluate the BW of each pig and
try to identify the heaviest pigs for marketing on multiple marketing days to reduce CW discounts, tradition-
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ally called sort loss, and target the optimal market BW
(Li et al., 2003; Boys et al., 2007; Flohr et al., 2015). On
large farms, pig sorting-marketing crews target a specific
number of heavy pigs in each pen to be marketed each
marketing day (McBride and Key, 2003).
Errors in the visual assessment each pig’s BW result in
marketing errors (Ahlschwede and Jones, 1992). In large
pens, the sorting-marketing crew may identify the target
number of pigs for marketing (i.e., 25%, 32 out of 125)
before visually evaluating all the pigs in the pen. Thus, 2
types of pig marketing errors exist: errors in the estimation of BW for the pigs that are visually evaluated and the
percentage of pigs that are not visually evaluated (Cabezon et al., 2016).
When the actual CW and sort loss data were evaluated
for 3 large wean–finish barns, a barn with the greatest
mean CW, close to the upper acceptable CW, had much
greater mean sort loss than the other 2 barns at the same
approximate sorting accuracy (Que et al., 2016). Inaccurately sorted pigs with a mean CW close to the mean of
the upper and lower acceptable nondiscounted CW had
only an estimated $1.00/pig increase in sort loss in comparison with sorting with no error (Cabezon et al., 2016).
The previous results suggest that the effect of inaccurate
sorting on sort loss may be substantially affected by the
mean CW of pigs marketed. The effect of sorting errors
on sort loss at different marketing ages and mean CW has
not been evaluated. The objectives of this study were to
use simulated data to (1) evaluate the effect of 2 types of
market pig sorting errors on the sort loss at different mean
CW, and (2) demonstrate that the magnitude of sort loss
due to inaccurate sorting is affected by the mean CW of
the pigs marketed.

MATERIALS AND METHODS
The simulation methods used to develop the data are
discussed in detail in Cabezon et al. (2016). The BW
growth curves for twenty-five 4,000-head wean-to-finish
barns were simulated. The BW data were simulated using
a Michaelis-Menten equation with addition of pig-specific random effects to produce variation in BW. The pig
growth, feed intake, and carcass percent lean data were
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modeled from previous data (Schinckel et al., 2012a,b).
A marketing strategy was simulated to represent that
currently used by pork producers with 3 marketing cuts
(MCUT). Twenty-five percent of the pigs were targeted
to be marketed at 169 d, 25% at 179 d, and the remaining pigs marketed at 193 d of age. In this trial, the pigs
were simulated to be marketed at different weekly times
with mean ages of 155.2, 162.5, 169.5, 176.5, 183.5, 190.5,
197.5, 204.5, and 211.5 d of age. Weekly, the same pigs
with same sorting errors were modeled to be marketed
with the same percentages in each MCUT and time intervals between each MCUT.
Four BW assessment error rates (BWEE) were simulated to represent zero, low, average, and high levels of visual assessment of BW (Ahlschwede and Jones, 1992). The
BW assessment errors were simulated to have SD of 0, 4,
6, and 8% of each pig’s actual BW (Cabezon et al., 2016).
Each pig was randomly assigned to be evaluated or not for
BW. The percentages of pigs with their BW not visually
assessed (PNVE) were 0, 8, 16, and 24%. These values
are based on the inspection of carcass data obtained from
several 4,000-head barns with 3 marketing cuts per barn
(Que et al., 2016; Y. Que and A. P. Schinckel, unpublished
data).
The 4 levels of visual assessment accuracy (BWEE with
SD of 0, 4, 6, and 8% of BW) and 4 levels for the percentage of pigs not visually evaluated (PNVE, 0, 8, 16, and
24%) were applied to each of the 25 barns as a factorial
arrangement of treatments. Thus, each of the 25 barns was
modeled to have 16 combinations of the 2 types of market
BW sorting errors.
Sort loss was calculated using a market value system
for a midwestern United States pork processor (Indiana
Packers Corporation, 2015, Table 1). The total amount
and mean sort loss per pig were estimated for each MCUT
and the entire barn. Three variables, number of pigs with
sort loss, mean sort loss per pig in the barn, and mean
sort loss for pigs with sort loss, were fitted to a model including the fixed effects of level of marketing age (AGE),
BWEE, PNVE, and their interactions and random effect
of replicate barn, using the MIXED procedure of SAS
(SAS Institute Inc., Cary, NC). Barn was considered as
a repeated measurement over age with a compound symmetry covariance structure. The SLICE option of SAS was
used to evaluate the significance of BWEE, PNVE, and
the interaction of BWEE × PNVE for each AGE.

RESULTS AND DISCUSSION
The BW and CW at the mean age for each weekly marketing time are presented in Table 2. The SD for both BW
and CW were modeled to increase with age. The mean
CW were modeled over a range that were just below the
pork processors lower acceptable CW (82.1 kg) and above
upper acceptable CW (107.0 kg).
The means for the mean sort loss per pig in the barn are
shown in Figures 1 to 3. The means for 4 levels of sort-

Table 1. Discount rates for different carcass weight
classes1
Carcass weight, kg

Discount, $/kg

<68.5
68.5–73.0
73.0–75.3
75.3–77.6
77.6–82.1
82.1–107.0
107.0–109.3
109.3–111.6
111.6–113.9
113.9–116.1
>116.1
1

0.441
0.286
0.176
0.121
0.77
0
0.0661
0.2425
0.2866
0.3307
0.3748

Indiana Packers Corporation (2015).

ing accuracy (BWEE = 0%, PNVE = 0%; BWEE = 8%,
PNVE = 0%; BWEE = 0%, PNVE = 24%; and BWEE =
8%, PNVE = 24%) are shown in Table 3. The main effects
of AGE, BWEE, and PNVE, and AGE × PNVE, AGE
× BWEE, and AGE × BWEE × PNVE interactions affected (P < 0.001) the mean sort loss per pig. The effects
of BWEE and interaction of BWEE × PNVE affected (P
< 0.001) the mean sort loss per pig at all ages. The PNVE
affected the sort loss at all ages (P < 0.001) except a
mean AGE of 162.5 d. The CW at minimal mean sort loss
was 93.17 kg for accurate sorting ($0.79, 183.5 d, BWEE
= 0% and PNVE = 0%). With less accurate sorting, the
minimal sort loss of $1.72/pig was achieved at a mean age
of 176.5 d at 89.53 kg (BWEE = 8% and PNVE = 24%).
As CW or mean age at marketing increased, the sort loss
for the pigs with greater sorting errors had increasingly
greater sort loss. The sort loss per pig increased from $0.91
at 187 d mean age at marketing to $5.63 at 201 d for
accurate sorting (BWEE = 0% and PNVE = 0%), and

Table 2. Mean and SD of overall BW and carcass weight
(CW) at a range of marketing ages with accurate sorting
BW
Mean age, d
155.5
162.5
169.5
176.5
183.5
190.5
197.5
204.5
211.5

CW

Mean, kg

SD

Mean, kg

SD

104.67
111.01
117.20
123.21
129.03
134.65
140.08
145.30
150.32

6.67
7.07
7.47
7.85
8.22
8.58
8.92
9.26
9.58

75.49
80.09
84.58
88.95
93.17
97.26
101.21
105.00
108.65

5.07
5.38
5.68
5.97
6.26
6.53
6.80
7.05
7.30
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Figure 1. Relationship of mean sort loss to mean age with 4
levels of BW estimation error (BWEE = 0, 4, 6, and 8%) and all
pigs visually evaluated (PNVE = 0%).

from $1.79 to $10.16 per pig for the least accurate sorting
(BWEE = 8% and PNVE = 24%). The difference in sort
loss for accurately and the least accurately sorted pigs increased to $1.66, $2.47, $3.50, $4.37, and $4.53 per pig at
mean marketing ages of 187, 190.5, 194, 197.5, and 201 d.
The mean sort losses for each MCUT for 4 levels of
sorting accuracy are shown in Figures 4 to 6. The mean
sort loss for each MCUT for 4 levels of BWEE and PNVE
are shown in Table 4. The means and SD for CW for
each MCUT and overall are shown in Table 5. For the
first MCUT, the effects of AGE, BWEE, PNVE and all
2-variable and 3-variable interactions were significant (P
< 0.01). Decreased sorting accuracy increased the sort loss
per pig in the first MCUT at the earlier ages (lighter CW)
and reduced the sort loss per pig at the older ages. This
is because with inaccurate sorting at the older ages, 169
d and greater for the first MCUT, the heaviest pigs with
sort loss are not identified and marketed. These pigs with
CW above 107 kg at the time of the first MCUT will be
sold the second or third cut with greater sort loss. At earlier ages, 168 d and less for the first MCUT, the inaccurate
sorting results in the heaviest pigs not being marketed and

Figure 2. Relationship of mean sort loss to mean age with 4
levels of percentage of pigs not visually evaluated (PNVE = 0, 8,
16, and 24%) and no BW estimation error (BWEE = 0%).

577

Figure 3. Relationship of mean sort loss to mean age with 4
levels of sorting accuracy, with 2 levels of percentage of pigs
not visually evaluated (PNVE = 0 and 24%) and 2 levels of BW
estimation error (BWEE = 0 and 8%).

more lightweight pigs being sold for a lightweight discount.
Thus, overall for the first MCUT, the value of sort loss is
not an accurate indicator of the accuracy with which pigs
were sorted.
For the first MCUT, PNVE was significant (P < 0.01)
at all ages, except 176.5 d mean age at marketing (P =
0.60), and BWEE was significant (P < 0.01) at all ages
but 183.5 and 190.5 d of age (P = 0.18 and 0.49, respectively). The interaction of BWEE × PNVE had an effect (P < 0.001) on sort loss at all ages. Sort loss for the
first cut was minimized at 162 d of age (mean marketing
age of 176.5 d) with a value of $0.19 for accurate sorting
and $0.65 per pig with inaccurate sorting (BWEE = 8%,
PNVE = 24%). Sort loss increased substantially from 176
to 183 d of age from $3.32 to $8.17 per pig with accurate
sorting and $2.86 to $6.85 per pig with inaccurate sorting.
Both BWEE and PNVE decreased the mean CW of the
pigs of the first MCUT because the truly heaviest pigs
were not marketed. With the least accurate sorting, the
CW was reduced by 2.45% in comparison with accurate
sorting for the first MCUT. The analyses of actual CW
data estimated that the mean CW of the first MCUT
were 3.02 to 3.89% less than expected based on accurate
sorting of the pigs (Que et al., 2016). For the first MCUT,
BWEE had a greater effect to increase the SD in CW than
PNVE (Table 5). The SD for CW was increased 28.3%
with BWEE = 8% and only 4.6% for PNVE = 24%. The
least accurate sorting resulted in 30% increase in the SD
for CW for the first MCUT. Data from 3 actual barns
estimated that the actual SD for CW for the first MCUT
were 1.57 to 1.67 times greater than the values if pigs had
been sorted without any error (Que et al., 2016).
Mean sort loss per pig for the second MCUT was affected
by AGE, BWEE, PNVE, and all 2-variable and 3-variable
interactions (P < 0.0001). The effects of BWEE, PNVE,
and the interaction of BWEE × PNVE were significant (P
= 0.01 at 165 d of age for PNVE, P < 0.003 at all other
ages) at all ages for sort loss per pig for the second MCUT.

75.98
80.61
85.13
89.53
93.78
97.9
101.87
105.69
109.36
11.67
6.48
3.34
1.72
1.79
3.59
7.33
13.67
20.11
5.83
6.18
6.53
6.87
7.19
7.51
7.81
8.11
8.39
75.85
80.48
84.99
89.37
93.62
97.73
101.69
105.51
109.18
11.3
6.12
2.78
1.44
1.38
2.45
5.13
11.48
19.55
6
6.37
6.73
7.07
7.41
7.74
8.05
8.35
8.64
75.55
80.16
84.66
89.02
93.26
97.35
101.29
105.09
108.75
11.97
6.56
3.25
1.42
1.13
2.43
5.88
12.37
19.19

Pigs were sold with the heaviest 25% sold the first cut, the second heaviest 25% were marketed 10 d later, and the lightest 50% were marketed 14 d later (Cabezon
et al., 2016). BWEE = BW estimation error is the error when BW is visually evaluated. The value (0 to 8) is the SD of the estimation error as a percentage of the actual
value. PNVE = percentage of pigs not visually evaluated. The main effects of age, BWEE, and PNVE and interactions age × PNVE, age × BWEE, and age × BWEE ×
PNVE were significant (P < 0.001). The effects of BWEE and interaction of BWEE × PNVE affected (P < 0.001) the mean sort loss per pig at all ages. The PNVE affected
the sort loss at all ages (P < 0.001) except a mean age of 162.5 d.
1

SD
Mean, kg

5.07
5.38
5.68
5.97
6.26
6.53
6.8
7.05
7.3

SD
Mean, kg
SD
Mean, kg

CW

Mean sort
loss
CW

75.49
80.09
84.58
88.95
93.17
97.26
101.21
105
108.65
11.42
6.08
2.55
1.18
0.79
1.12
2.96
10.13
19.47
155.5
162.5
169.5
176.5
183.5
190.5
197.5
204.5
211.5

Mean, kg

CW
CW

Mean sort
loss

BWEE, PNVE = 0, 24
BWEE, PNVE = 8, 0
BWEE, PNVE = 0, 0

Mean sort
loss
Mean age, d

Figure 5. Relationship of mean sort loss of the second marketing
cut to mean age with 4 levels of sorting accuracy, with 2 levels of
percentage of pigs not visually evaluated (PNVE = 0 and 24%)
and 2 levels of BW estimation error (BWEE = 0 and 8%).

Table 3. The mean sort loss ($/pig) and mean and SD of carcass weight (CW) for 4 levels of sorting accuracy1

The mean sort loss for the second MCUT was almost zero
with accurate sorting from 170 to 196 d of age (Figure 5).
The mean sort loss for the second cut was minimized at 90
to 92 kg of CW. At a mean CW of 90.7 kg, the sort loss
with the least accurate sorting was only $0.81/pig. Above
92 kg of CW, the increase in mean sort loss increased a
greater amount per kilogram increase in CW to 107 kg of
CW as BWEE and PNVE increased. The greater differences in sort loss for the second cut were at 100 kg of CW
($0.10 and $5.06), 102 kg of CW ($0.74 and $7.38), and
105 kg of CW ($3.15 and $10.51) for accurate (BWEE =
0, PNVE = 0) and inaccurate (BWEE = 8%, PNVE =
24%) sorting.
For the second MCUT, BWEE of 8% had little, only
about 0.4%, effect on the mean CW but more than doubled (2.11-fold increase) in the SD for CW. For the second
MCUT, PNVE of 24% increased the mean CW by 1.24%
and resulted in a 1.97-fold increase in the SD of CW. With
the least accurate sorting (BWEE = 8%, PNVE = 24%),
the mean CW of the second MCUT was only increased by

Mean sort
loss

BWEE, PNVE = 8, 24
Figure 4. Relationship of mean sort loss of the first marketing
cut to mean age with 4 levels of sorting accuracy, with 2 levels of
percentage of pigs not visually evaluated (PNVE = 0 and 24%)
and 2 levels of BW estimation error (BWEE = 0 and 8%).

6.57
6.97
7.36
7.74
8.11
8.47
8.81
9.14
9.46
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Figure 6. Relationship of mean sort loss of the third marketing
cut to mean age with 4 levels of sorting accuracy, with 2 levels of
percentage of pigs not visually evaluated (PNVE = 0 and 24%)
and 2 levels of BW estimation error (BWEE = 0 and 8%).

0.56%. However, the SD in CW for the second MCUT increased by 2.52 times for the least accurate sorting versus
accurate sorting.
These simulation results for the second MCUT are supported by previous analyses of actual pork producer data
(Que et al., 2016). The increases in sort loss ($/pig) for
barns A, B, and C due to inaccurate sorting for the second
MCUT (estimated without error relative to actual sort
loss) were 1.30, 9.54, and 0.42 for barns with mean second
MCUT CW of 96.95, 103.29, and 91.15 kg. The actual
SD for CW for the second MCUT were 3.28 to 3.45 times
greater than that estimated if sorting was done without
error (Que et al., 2016).
The second MCUT, the second 25% of the pigs marketed, should be the most uniform in terms of CW (Cabezon et al., 2016; Que et al., 2016). Subsequently, the
second MCUT should have the most uniform primal and
subprimal cut weights because the majority of their variation is the result of variation in CW (Lawlor et al., 2013;

Table 4. Mean sort loss ($/pig) for each marketing cut (MCUT) with 4 levels of sorting accuracy1
Age, d
First MCUT
141
148
155
162
169
176
183
190
197
Second MCUT
151
158
165
172
179
186
193
200
207
Third MCUT
165
172
179
186
193
200
207
214
221

BWEE, PNVE = 0, 0

BWEE, PNVE = 8, 0

BWEE, PNVE = 0, 24

BWEE, PNVE = 8, 24

7.26
2.85
0.30
0.19
0.96
3.32
8.17
17.58
28.08

9.75
4.53
1.7
0.54
1.0
3.23
7.66
15.29
22.94

8.66
3.67
0.84
0.16
0.76
2.68
6.64
14.24
23.32

10.52
5.11
2.04
0.65
0.89
2.86
6.86
13.87
21.18

9.24
4.08
0.43
0.00
0.00
0.01
0.74
8.57
21.38

10.84
5.20
1.95
0.44
0.35
1.49
4.86
12.01
20.01

8.67
3.97
0.67
0.4
1.2
2.94
5.69
12.05
22.50

10.26
4.95
2.01
0.81
1.28
3.37
7.38
14.45
21.81

14.6
8.7
4.73
2.26
1.09
0.58
1.47
7.18
14.20

13.64
8.26
4.67
2.34
1.58
2.51
5.51
11.09
16.90

13.54
8.08
4.50
2.43
1.73
2.15
4.24
10.03
16.68

12.8
7.74
4.48
2.57
2.38
3.99
7.51
13.23
18.90

BWEE = BW estimation error is the error when BW is visually evaluated. The value (0 to 8) is the SD of the estimation error
as a percentage of the actual value. PNVE = percentage of pigs not visually evaluated. For each MCUT, the effects of age,
BWEE, PNVE, and all 2-variable and 3-variable interactions were significant (P < 0.01).
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Table 5. Mean carcass weight (CW) for each marketing cut (MCUT) with 4 levels of sorting accuracy1
BWEE, PNVE = 0, 0
Age, d
First MCUT
141
148
155
162
169
176
183
190
197
Second MCUT
151
158
165
172
179
186
193
200
207
Third MCUT
165
172
179
186
193
200
207
214
221
Overall
155.5
162.5
169.5
176.5
183.5
190.5
197.5
204.5
211.5

BWEE, PNVE = 8, 0

BWEE, PNVE = 0, 24

BWEE, PNVE = 8, 24

Mean, kg

SD

Mean, kg

SD

Mean, kg

SD

Mean, kg

SD

78.61
83.41
88.08
92.63
97.03
101.29
105.40
109.35
113.15

4.09
4.34
4.58
4.82
5.05
5.27
5.48
5.69
5.89

77.23
81.94
86.53
91.00
95.32
99.50
103.54
107.42
111.16

5.25
5.57
5.88
6.18
6.47
6.76
7.03
7.30
7.55

77.60
82.34
86.95
91.44
95.79
99.99
104.04
107.95
111.70

4.27
4.53
4.79
5.04
5.27
5.51
5.73
5.94
6.15

76.69
81.37
85.93
90.36
94.66
98.81
102.82
106.68
110.39

5.32
5.64
5.96
6.26
6.56
6.85
7.13
7.40
7.65

76.54
81.21
85.76
90.19
94.48
98.62
102.62
106.47
110.17

2.19
2.33
2.46
2.59
2.71
2.83
2.94
3.05
3.16

76.23
80.88
85.42
89.83
94.10
98.22
102.21
106.04
109.73

4.63
4.91
5.18
5.45
5.71
5.96
6.20
6.44
6.66

77.49
82.22
86.83
91.31
95.65
99.85
103.90
107.80
111.54

4.34
4.60
4.86
5.11
5.36
5.59
5.82
6.04
6.25

76.97
81.67
86.25
90.70
95.01
99.18
103.20
107.07
110.79

5.54
5.88
6.21
6.53
6.84
7.14
7.43
7.71
7.98

73.40
77.88
82.24
86.48
90.60
94.57
98.41
102.10
105.65

5.55
5.89
6.22
6.54
6.85
7.16
7.45
7.72
7.99

74.38
78.91
83.34
87.64
91.80
95.83
99.72
103.46
107.05

6.68
7.09
7.48
7.87
8.24
8.61
8.96
9.29
9.61

74.40
78.94
83.37
87.67
91.83
95.86
99.75
103.49
107.09

6.52
6.92
7.31
7.69
8.05
8.41
8.75
9.07
9.39

75.23
79.82
84.30
88.65
92.86
96.94
100.87
104.65
108.29

7.34
7.78
8.22
8.64
9.05
9.45
9.83
10.20
10.56

75.49
80.09
84.58
88.95
93.17
97.26
101.21
105.00
108.65

5.07
5.38
5.68
5.97
6.26
6.53
6.80
7.05
7.30

75.55
80.16
84.66
89.02
93.26
97.35
101.29
105.09
108.75

6.00
6.37
6.73
7.07
7.41
7.74
8.05
8.35
8.64

75.85
80.48
84.99
89.37
93.62
97.73
101.69
105.51
109.18

5.83
6.18
6.53
6.87
7.19
7.51
7.81
8.11
8.39

75.98
80.61
85.13
89.53
93.78
97.90
101.87
105.69
109.36

6.57
6.97
7.36
7.74
8.11
8.47
8.81
9.14
9.46

BWEE = BW estimation error is the error when BW is visually evaluated. The value (0 to 8) is the SD of the estimation error
as a percentage of the actual value. PNVE = percentage of pigs not visually evaluated. At each age, the effect of MCUT,
BWEE, PNVE, MCUT × BWEE, and MCUT × PNVE were significant (P < 0.001) for the mean of CW. The effect of BWEE
× PNVE and BWEE × PNVE × MCUT were not significant (P > 0.71 and P > 0.27, respectively). At each age, the effect of
MCUT, BWEE, PNVE, MCUT × BWEE, MCUT × PNVE, BWEE × PNVE, and MCUT × BWEE × PNVE were significant (P <
0.001) for the SD of CW.
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Schinckel et al., 2013). However, with greater levels of
BWEE and PNVE, the SD for CW for the second MCUT
substantially increased and approached those of the first
MCUT (Table 5).
It should be noted much of the sort loss of the second MCUT is the result of inaccurate sorting of pigs for

the first MCUT. With inaccurate sorting (BWEE = 8%,
PNVE = 24%), the percentage of pigs marketed correctly
the first MCUT is approximately 60%, in agreement with
estimates of 59 to 65% with actual producer data (Cabezon et al., 2016; Que et al., 2016). With 10 d between the
first and second MCUT, pigs that should have been sold
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the first MCUT gain approximately 6.25 kg of CW. Pigs
with CW above approximately 102 kg at the time of the
first MCUT that are not marketed the first cut are sold
with sort loss the second MCUT.
Mean sort loss per pig for the third MCUT was affected
by AGE, BWEE, PNVE, and all 2-variable and 3-variable
interactions (P < 0.001). The effect of BWEE on sort loss
per pig for the third MCUT was significant (P < 0.005)
at all ages except for BWEE at 169.5 d (P = 0.28). The
difference in sort loss from accurate and inaccurate sorting
increased from $1.20/pig at 91 kg of CW to $4.00/pig at
97 to 101 kg of CW and decreased to $3.10 at 102 kg of
CW (Figure 6). The effect of PNVE and the interaction of
BWEE × PNVE on sort loss per pig for the third MCUT
were significant (P < 0.0001) at all ages.
The 2 types of sorting errors had similar small (approximately 1.3%) effects to increase the mean CW of the third
MCUT. Both BWEE and PNVE increased the SD in CW
for the third MCUT, with a 20% increase with BWEE =
8%, a 17.5% increase with PNVE = 24%, and a 32.5%
increase when the estimation errors were combined. The
actual SD for the 3 barns with CW data were 1.43 to 1.50
times greater than those estimated for the third MCUT
without any BW estimation errors (Que et al., 2016).
Both BWEE and PNVE had small effects on the overall
mean CW of the pigs sold from the barns. Both BWEE
and PNVE increased the overall SD for CW, with an
18.3% increase with BWEE = 8%, a 15.0% increase with
PNVE = 24%, and a 29.6% increase with the least accurate sorting (BWEE = 8%, PNVE = 24%). The actual
CW data of Que et al. (2016) had actual overall CW SD
that were 1.66 to 1.90 times greater than that estimated
with accurate sorting of pigs for market.
The most likely reason for existence of the 2- and 3-variable interactions for sort loss is that pigs not correctly
marketed one MCUT remain in the barn and are marketed later with a change in the magnitude of their sort
loss. Also, the level of BWEE and PNVE act directly
and interact to affect the distribution of the CW for each
MCUT. The sort loss expected for any specific MCUT
and AGE with any specific level of BWEE and PNVE will
most likely require a stochastic model versus a simple additive or linear model because almost every possible 2- and
3-variable interaction was significant.
The mean numbers of pigs with sort loss per 4,000-head
barn for each level of sorting accuracy are shown in Figures 7 to 9. The main effects of AGE, BWEE, and PNVE,
and AGE × PNVE, AGE × BWEE, and AGE × BWEE
× PNVE interactions affected the numbers of pigs with
sort loss. The effects of BWEE, PNVE, and interaction of
BWEE × PNVE affected (P < 0.001) the numbers of pigs
with sort loss at all ages. As expected, marketing pigs with
a mean CW close to the middle of the processor acceptable CW range, 93 to 97 CW, resulted in the least number
of pigs with sort loss (272 for accurate sorting and 468 for
least accurate sorting at 93 kg and mean age of 183.5 d).
The number of pigs with sort loss increased as CW or mar-
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Figure 7. Relationship of number of pigs with sort loss to mean
age with 4 levels of BW estimation error (BWEE = 0, 4, 6, and
8%) and all pigs visually evaluated (PNVE = 0%).

keting age increased, with a different nonlinear pattern for
each BWEE and PNVE level. For example, with accurate
sorting, the number of pigs with sort loss increased from
269 at a mean CW of 97.3 kg to 358, 640, 1,146, and 1,832
pigs at mean CW of 99.25, 101.2, 103.1, and 105 kg. At
the same marketing ages and similar mean CW, the least
accurate sorting (BWEE = 8%, PNVE = 24%) resulted in
646, 831, 1,115, 1,448, and 1,850 pigs with sort loss.
The mean sort losses for the pigs with sort loss per barn
for each level of BWEE and PNVE for each weekly marketing time are shown in Figures 10 to 12. All main effects
of AGE, BWEE, and PNVE, and AGE × PNVE, AGE
× BWEE, and AGE × BWEE × PNVE interactions affected the mean sort loss for those pigs with sort loss.
The effects of BWEE and interaction of BWEE × PNVE
affected (P < 0.001) the mean sort loss for pigs with sort
loss at all ages. The PNVE affected the mean sort loss per
pig with sort loss at all ages (P < 0.001) except 169.5 d (P
= 0.46), the age that had the lowest overall mean values
for sort loss per pig with sort loss ($9.93). The mean sort

Figure 8. Relationship of number of pigs with sort loss to mean
age with 4 levels of percentage of pigs not visually evaluated
(PNVE = 0, 8, 16, and 24%) and no BW estimation error (BWEE
= 0%).
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Figure 9. Relationship of number of pigs with sort loss to mean
age with 4 levels of sorting accuracy, with 2 levels of percentage
of pigs not visually evaluated (PNVE = 0 and 24%) and 2 levels
of BW estimation error (BWEE = 0 and 8%).

Figure 11. Relationship of mean sort loss per pig with sort loss
to mean age with 4 levels of percentage of pigs not visually
evaluated (PNVE = 0, 8, 16, and 24%) and no BW estimation
error (BWEE = 0%).

loss per pig with sort loss increased more rapidly with
increased age or CW with less accurate sorting. With the
most accurate sorting, the sort loss per pig with sort loss
increased from $9.51 per pig at 162.5 d of age (80.1 kg) to
$27.63 at 211.5 d of age (108.7 kg) in comparison with the
least accurate sorting increasing from $10.83 to $32.37.
It should be noted that mean sort loss per barn is total
sort loss divided by the number of pigs in the barn (4,000).
The mean sort loss for all pigs is a function of the number
of pigs with sort loss and their mean sort loss. Proportionally, the inaccurate sorting of pigs for market had a
greater effect on increasing the number of pigs with sort
loss than on increasing the mean sort loss per pig with
sort loss.
Targeting the midpoint of the pork processors undiscounted CW range will minimize sort loss but not optimize the objective for a finishing barn, to maximize daily
returns above daily variable and feed costs (Li et al., 2003;
Boys et al., 2007; Frey, 2007). The target market BW are
affected by the relative market price ($/kg of CW) in comparison with feed prices (Schinckel et al., 2008). Assuming

accurate sorting and marketing of pigs, with above average market pig prices and less than average feed prices,
genetically lean, feed-efficient pigs will have optimal market BW at the upper limit or just above the pork processors acceptable CW range (Boland et al., 1993; Schinckel
et al., 2008). In this case the additional CW sold per pig
has greater effect on increasing returns per head per day
than the sort loss of the increased number of pigs with
CW just above the pork processors upper acceptable CW
range. The greater the target BW approaches or surpasses
the pork processor upper acceptable CW, intentionally or
unintentionally, the more sensitive the amount of sort loss
will be to the sorting accuracy.
The effect of BWEE and PNVE to increase sort loss increases as the CW of the first 2 cuts approaches the pork
processor upper acceptable CW. This was shown with actual data (Que et al., 2016). Three barns with similar accuracy of sorting pigs for market had mean CW of 95.7,
100.9, and 91.2 kg and mean sort loss ($/pig) of 1.58, 6.49,
and 0.84. The increase in sort loss due to inaccurate sort-

Figure 10. Relationship of mean sort loss per pig with sort loss
to mean age with 4 levels of BW estimation error (BWEE = 0, 4,
6, and 8%) and all pigs visually evaluated (PNVE = 0%).

Figure 12. Relationship of mean sort loss per pig with sort loss
to mean age with 4 levels of sorting accuracy, with 2 levels of
percentage of pigs not visually evaluated (PNVE = 0 and 24%)
and 2 levels of BW estimation error (BWEE = 0 and 8%).
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ing compared with that estimated with accurate sorting
was $1.22, $5.74, and $0.56 per pig. Barn C sold the pigs
at each MCUT at a CW that was at or very close to the
minimum sort loss per pig for each MCUT. The greater
increase in sort loss of the heavier pigs of Barn B due to
inaccurate sorting is caused by the fact that at CW of 98
to 104 kg, the effect of inaccurate sorting to increase mean
overall sort loss is much greater than at the lighter CW.
The total sort loss per pig is affected by several factors
besides the accuracy of sorting pigs for market. If the marketing of pigs is based on their mean age, group-to-group
variation in growth rate will result in pigs being sold too
early or too late (Korthals, 2001). Sort loss has a highly
quadratic relationship with the mean BW of the pigs marketed (Korthals, 2001). The amount of variation in BW
and the skewness of the BW also affect the magnitude
of sort loss for a given barn (Hubbs et al., 2008). Health
status, environmental stressors, stocking density, and the
range in age of the pigs in the barn affect the variance in
BW of pigs within a group (Schinckel and Craig, 2002;
Frey, 2007; Flohr et al., 2015). Barns on fixed schedules,
which must be emptied and cleaned for the next group of
pigs, may be forced to sell pigs with increased light CW
sort loss (Li et al., 2003).
Although sort loss information is provided to pork producers, sort loss statistics (number of pigs with sort loss,
sort loss per pig with sort loss, sort loss per pig in the
barn) do not reflect the accuracy with which pigs are sorted for market. Statistics have been suggested that are better indicators of the accuracy of sorting pigs for market:
(1) the percentage of pigs sold correctly, especially for the
second MCUT; (2) the magnitude of the errors for pigs
sold incorrectly; (3) the distribution of the sorting errors
(positive and negative values) for the first 2 MCUT; and
(4) the SD for CW for pigs of the second MCUT (Cabezon
et al., 2016). Methods to directly estimate BWEE and
PNVE from the available CW information have not been
developed. The means to estimate both parameters simultaneously may be difficult because changes in the distribution of the CW by each BW estimation error (BWEE and
PNVE) for the simpler statistics (mean and variances) are
similar.
These simulation results and data from actual pork producers (Que et al., 2016) indicate that the relationships of
sort loss to mean CW and age are substantially affected by
the accuracy with which pigs are sorted for market. Both
BWEE and PNVE affect the magnitude of sort loss as CW
increases. It should be noted that the accuracy with which
the pigs are sorted for market has not been considered in
most models developed to optimize the marketing strategy
of pigs (Frey, 2007; Ohlmann and Jones, 2008; Khamjan
et al., 2013). It cannot be assumed that the truly heaviest pigs are identified and marketed each MCUT, and the
estimated mean and distribution of CW cannot be based
on such an assumption. Based on these results, estimates
of the accuracy with which pigs are sorted for market must
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be included in any model developed to evaluate alternative marketing strategies.
The percentage of pigs sold correctly and the SD in
the CW of pigs sold overall and especially in the second
MCUT of a 3-MCUT strategy are sensitive to level of
sorting accuracy. The SD for CW would also be affected
by the variation in BW of the pigs in the barn. The SD
of CW for the second MCUT could also be reflective of
the SD of BW in the barn, although the effect would be
expected to be much smaller than the effect of BWEE and
PNVE.

IMPLICATIONS
The effect of less accurate sorting of pigs for market on
sort loss is highly dependent on the mean CW of the pigs.
There is no single value that can be assigned to the effect
of inaccurate sorting of market pigs, because it is highly
dependent on the CW of the pigs being marketed. Current marketing grids encourage pork producers with less
accurate sorting of pigs to market their pigs in the middle
of the pork processor acceptable CW range. The current
marketing grids do not provide any direct incentive to
reduce the variation in CW that could result with more
accurate sorting of pigs for market.
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ABSTRACT
The objective was to estimate the effect that sorting
accuracy at marketing has on the optimal market carcass
weight (CW) and economic returns. Two types of errors
were evaluated: BW estimation error (BWEE) and percentage of pigs not visually evaluated (PNVE). Four levels
of BWEE with SD of 0, 4, 6, and 8% of BW and 4 levels
of PNVE (0, 8, 16, and 24%) were simulated. Initially,
pigs were marketed in 3 marketing cuts: 25% at 169, 25%
at 179, and the remaining 50% at 193 d of age. The timing of marketing was shifted in 7-d intervals. Sort loss
was calculated using a market system for a United States
pork processor. Sort loss ($/pig) values were fitted to a
polynomial function of mean CW for each combination
of BWEE and PNVE. The increase in mean sort loss for
each unit increase in CW above 93 kg increased as BWEE
and PNVE increased (P < 0.001). With accurate sorting
(BWEE = 0%, PNVE = 0%), the optimal mean age for
the 3-marketing-cut strategy was 190.5 d at a mean CW of
97.0 kg and profit of $3.35/pig. With less accurate sorting
(BWEE = 8%, PNVE = 24%), the mean age decreased to
184.5 d with mean CW of 93.4 kg and profit of $2.00/pig.
The optimal market ages and CW decreased as BWEE
and PNVE increased (P < 0.001). Current marketing systems direct pork producers with less accurate sorting of
pigs to market their pigs at lighter CW.
Key words: pork, marketing, sort loss, stochastic model,
pig supply chain

INTRODUCTION
Pork processors have established marketing grids in
which carcasses heavier or lighter than a specified carcass
weight (CW) range are discounted in value. To reduce
sort loss and target the optimal market BW, most commercial producers visually evaluate the BW of each pig
and try to identify the heaviest pigs for marketing on mulThe authors declare no conflict of interest.
1
Corresponding author: aschinck@purdue.edu

tiple marketing days (Li et al., 2003; Boys et al., 2007).
Pork producers visually evaluate the market pigs and target a specific number of heavy pigs in each pen to be marketed each day (McBride and Key, 2003). Two types of pig
marketing errors exist: errors in the estimation of BW for
the pigs that are visually evaluated and the percentage of
pigs that are not visually evaluated (Cabezon et al., 2016).
The marketing strategy has the goal to maximize the
daily returns above feed and other variable costs so that
the annual returns for the facility are maximized (Li et
al., 2003; Boys et al., 2007; Frey, 2007). The pork processors marketing grid discounts for excessively light or heavy
carcasses sets the upper and lower bounds for market CW
(Boland et al., 1993). Traditionally, sort loss has been
used to estimate the accuracy with which pigs are sorted
for marketing. However, many factors, including the marketing strategy, variation in BW growth, and mean CW,
affect the total sort loss per pig (Korthals, 2001; Hubbs et
al., 2008). Marketing strategies to reduce sort loss, such
as targeting the midpoint of the pork processors undiscounted CW range, may minimize sort loss but in most
cases will not optimize the objective for a finishing barn,
to maximize daily returns above daily variable and feed
costs (Li et al., 2003; Boys et al., 2007; Frey, 2007).
The accuracy with which pigs are sorted for market affects the distribution in CW, which in turn affects the
relationship of sort loss to the mean market CW (Que et
al., 2017). The optimal market weight may be affected by
the accuracy with which pigs are sorted for marketing.
With new procedures to estimate the accuracy of sorting
market pigs (Cabezon et al., 2016; Que et al., 2016), pork
producers could adjust their marketing strategy for their
estimated level of sorting accuracy.
The objective of this study was to use simulated data
and apply actual production costs to estimate the effect
that the accuracy with which pigs are sorted for marketing has on the optimal market CW and economic returns.

MATERIALS AND METHODS
The simulation data used are described in detail in 2
papers (Cabezon et al., 2016; Que et al., 2017). The BW
growth curves for twenty-five 4,000-head wean-to-finish
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barns were simulated using data from a single sire line and
dam line (Schinckel et al., 2012a,b). A marketing strategy
was simulated to represent that currently used by pork
producers. Initially, 25% of the pigs were targeted to be
marketed at 169 d, 25% at 179 d, and the remaining 50%
marketed at 193 d of age, with a mean marketing age of
183.5 d. Then the timing of marketing was shifted in 7-d
intervals with mean marketing ages of 155.5 to 211.5 d
with mean CW of 75.66 to 108.65 kg.
The BW data were simulated using a Michaelis-Menten
equation with the form BWi, t = WT0 + ({[(WF + wfi) −
WT0](t/K)C}/[1 + (t/K)C]), where WF is the mean mature
BW, WT0 is birth BW assumed to be a constant 1.6 kg, i
is the pig identification number, t is the days of age, K is a
parameter equal to the days of age in which one-half mean
mature BW is achieved, and C is a unitless parameter
(Lopez et al., 2000; Schinckel et al., 2009a; Schinckel et al.,
2012a). The values for WF, K, and C were fixed at 270 kg,
191.5 d, and 2.221 based on previous data (Schinckel et
al., 2012a, WF equal to 261.7 for gilts and 278.7 for barrows). Pig-specific random effects (wfi) were generated to
reproduce the variation in BW. The BW for each pig were
estimated using the Michaelis-Menten equation including
each pig’s random effect. The equation for CW included
a random effect that was assigned a value sampled from
a standard normal distribution: CW = (1 + 0.02z2) ×
0.721(BW)1.0061, where z2 is a value sampled from a standard normal distribution (mean = 0.0, SD = 1; Schinckel
et al., 2012b).
Four BW visual assessment error rates (BWEE) were
simulated to represent zero, low, average, and high levels
of visual assessment of BW (Ahlschwede and Jones, 1992).
The visual assessment errors were simulated to have SD of
0, 4, 6, and 8% of each pigs actual BW. Each pig was randomly assigned to be evaluated for BW or not evaluated
for BW. The percentage of pigs with their BW not visually assessed (PNVE) was 0, 8, 16, and 24%. These values
are based on the inspection of carcass data obtained from
several 4,000-head barns with 3 marketing cuts per barn
(MCUT, Que et al., 2016; Y. Que and A. P. Schinckel,
unpublished data).
The 4 levels of visual assessment accuracy (BWEE with
SD of 0, 4, 6, and 8% of BW) and 4 levels for the percentage of pigs not visually accessed (PNVE with 0, 8, 16,
and 24%) were applied to each of the 25 barns as a 4 by
4 factorial arrangement of treatments. Thus, each of the
16 treatments were applied to the pigs in the 25 barns
(Cabezon et al., 2016).
Sort loss is amount that each carcass is discounted for
having too light or too heavy a CW. Sort loss was calculated using a market value system for a midwestern United
States pork processor (Indiana Packers Corporation, 2015,
Table 1) that has different discount rates ($/kg) for different ranges of CW. The number of pigs with sort loss, the
total amount of sort loss, and mean sort loss per pig were
estimated for each MCUT and the entire barn at each
weekly marketing time.

The daily feed intakes used for the gilts and barrows
of sire line 1 were from the study by Schinckel et al.
(2012a). The equations for the gilts was as follows: DFI,
kg/d = 3.45[1 − exp(−0.025811BW1.322)], and the equation for the barrows was as follows: DFI, kg/d = 3.33[1
− exp(−0.00616418BW0.9073)].
Pork production costs were estimated using the Provimi
Pig Flash Spreadsheet (Provimi, 2016). Ingredient costs
($/kg) were set at 0.1377 for corn, 0.3579 for 48% soybean
meal, and 0.1738 for distillers dried grains and solubles
(DDGS). Pigs were modeled to be fed 3 starter diets with
a total cost of $11.72. Six grower-finisher diets primarily
composed of corn, soybean meal, and DDGS were modeled
to be fed. For simplicity, ractopamine was not fed in the final diet, which would have required additional modeling of
the ractopamine responses on several growth parameters
(Li et al., 2003). The grower-finisher diets were modeled
to contain 27.5% DDGS except the final finisher diet with
25% DDGS. A $0.0143/kg feed processing and delivery
cost was added to each diet.
Death loss, interest, and yardage costs ($41.00/yr) and
a management cost ($0.01/d) were assigned as daily costs
(total $0.1572/d). Pig costs ($/pig) also included marketing costs ($2.50 plus 0.50 checkoff), veterinary medical
costs ($4.50), and insurance ($0.40).
Base carcass prices were set at $1.433 and $1.653 per
kilogram of CW to represent a situation of a small and
large profit per pig. Using previous data (Schinckel et al.,
2012b), predicted pork processor percent lean (PL) was
estimated as PL = b0 − 0.063(CW − 80, kg), where b0 =
58 for gilts and 56 for barrows. Using a stochastic model
and linear regression, lean premium (LPREM, $/100
kg of CW) for gilts was estimated as LPREM = 21.202
− 0.09017CW, kg (R2 = 0.989), and for barrows it was
LPREM = 18.94 − 0.09833CW, kg (R2 = 0.993). The
mean sort loss per pig was estimated for each MCUT and
the entire barn at each weekly marketing time (Que et al.,

Table 1. Carcass weight discount rates for different
carcass weight classes1
Carcass weight, kg

Discount, $/kg

<68.5
68.5–73.0
73.0–75.3
75.3–77.6
77.6–82.1
82.1–107.0
107.0–109.3
109.3–111.6
111.6–113.9
113.9–116.1
>116.1
1

Indiana Packers Corporation (2015).

0.441
0.286
0.176
0.121
0.077
0
0.0661
0.2425
0.2866
0.3307
0.3748
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2017). The mean sort loss ($/pig) values were fitted to a
polynomial function (linear, quadratic, and cubic) of the
mean CW for each combination of BWEE and PNVE.
The net carcass value included the carcass lean premium
and sort loss.
The optimal CW to maximize profit per pig (market
price minus all costs) and daily returns above daily feed
and variable costs were estimated for each combination
of BWEE and PNVE. The maximal profit per pig is the
target market BW when the schedule is loose and no pig
is able to replace the current group when the barn is emptied. The maximal profit per pig per day above daily feed
and variable costs is the point at which the daily (or annual) returns to the facility are maximized (Li et al., 2003;
Boys et al., 2007).
For comparison, the growth of individual mean pig was
modeled. The pig’s lean percentage was modeled as a
function of CW. Sort loss was based on the individual
pig’s CW. Also the optimal market BW was evaluated
with no sort loss.

RESULTS AND DISCUSSION
The mean BW and CW for each weekly marketing time
are presented in Table 2. It should be noted that the weekly BW and CW gain decrease as the ages of the pigs increase. As CW increases, daily CW gain (kg/d) and daily
revenues for each additional day decrease even when there
is no sort loss.
The weekly mean CW and sort loss for 4 levels of sorting accuracy (2 levels of BWEE, 0 or 8%; and 2 levels of
PNVE, 0 and 24%) are shown in Table 3. Mean sort loss
per pig was minimized at approximately 90 to 93 kg of
CW. The minimal mean sort loss was less for accurate
sorting ($0.79/pig, 183.5 d, 93.17 CW, BWEE = 0% and
PNVE = 0%) than inaccurate sorting ($1.72/pig at 89.53
kg, BWEE = 8% and PNVE = 24%). The increase in the
mean sort loss per pig increased more rapidly, per week

Table 2. Mean ages to achieve specific target weights
and mean BW at specific ages
BW
Mean age, d
155.5
162.5
169.5
176.5
183.5
190.5
197.5
204.5
211.5
1

CW1

Mean, kg

SD

Mean, kg

SD

104.67
111.01
117.20
123.21
129.03
134.65
140.08
145.30
150.32

6.67
7.07
7.47
7.85
8.22
8.58
8.92
9.26
9.58

75.49
80.09
84.58
88.95
93.17
97.26
101.21
105.00
108.65

5.07
5.38
5.68
5.97
6.26
6.53
6.80
7.05
7.30

CW = carcass weight.
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or per CW gain, as the accuracy of sorting decreased up
to approximately 103 kg of CW (Table 3, Figure 1, P <
0.001). The overall mean CW were not substantially affected by the accuracy of sorting. However, the overall SD
for CW did increase with decreased sorting accuracy (P
< 0.001).
The relationships of mean sort loss to mean CW from 93
to 104 kg of CW and mean age (184 to 204 d of age) are
shown for 4 levels of BWEE in Figures 1 and 2. The relation of sort loss per pig to CW for 4 levels of sorting accuracy (2 levels of BWEE and 2 levels of PNVE) are shown
in Figure 3. The sort loss per pig was affected by CW,
BWEE, and PNVE and all 2- and 3-variable interactions
(P < 0.001, Que et al., 2017). Sort loss per pig increased
more rapidly with increased CW for both increased values
of BWEE and PNVE producing the BWEE × CW and
PNVE × CW interactions. The joint effects of BWEE
and PNVE were primarily additive but with the combined
effect of the 2 types of measurement errors having values
slightly less than expected based on the singular effect of
BWEE and PNVE. For example, at a mean age of 190.5 d,
the effects of 8% BWEE and 24% PNVE were $1.31 and
$1.33 per pig and the combined effect of the 2 levels of errors was $2.47 per pig. From 94 to 102kg of mean CW (184
to 198 d of age), sort loss increased as either BWEE or
PNVE increased. With least accurate sorting (BWEE =
8% and PNVE = 24%) from 98 to 102 kg of mean CW, the
sort loss per pig was from $2.50 to approximately $4.55
greater than with accurate sorting. The relationships of
mean sort loss to age and CW (Figures 1 and 2) are similar because neither BWEE nor PNVE had any substantial
effect on the mean CW at different marketing ages (Que
et al., 2017).
The daily increases in sort loss relative to mean CW are
shown in Figures 4 and 5. These values are the derivative
of the sort loss values relative to each additional mean day
of age. As the mean marketing age is increased, so that
the 3 MCUT are each delayed 1 d, these are the amounts
of increased mean sort loss that the pigs are going to be
discounted at each CW. As the mean CW increases above
94 kg or mean age increases above 184 d, the rate pigs are
discounted each additional day of age is greater at greater
levels of BWEE or PNVE (Figure 4, P < 0.001). Figure
5 indicates that overall, PNVE of 24% had less effect on
the daily increase in sort loss than BWEE of 8%. Also,
the results suggest that daily increases in sort loss, similar
to the simulated values, interact with each other as the
additional effect of PNVE of 24% with BWEE of 8% was
much smaller than its effect at BWEE of 0%. This would
suggest that the precise estimation of PNVE may be less
important than the precise estimation of BWEE to predict
pork producer–specific relationship of daily increased sort
loss to CW or age.
The daily increase in carcass value or daily revenue for a
mean single pig without sort loss relative to CW is shown
in Figure 6. The daily increases in carcass value are shown
for the 2 market prices of $1.433 and $1.653 per kilogram

Figure 1. The mean sort loss ($/pig) relative to carcass weight
(CW) for 4 levels of BW estimation error (BWEE = 0, 4, 6, and
8%, percentage of pigs not visually evaluated = 0%).

of CW. For a single mean pig at the $1.433/kg of CW
market price, the optimal CW for profit per pig was 106.8
kg (Figure 6, age = 202 d, profit per pig = $5.18). At the
higher market price, the profit per pig increased ($28.74)
at the same CW, 1 d before the CW exceeding the 107-kg
upper limit to the pork processor’s acceptable CW range
(Table 1). At the lower market price, profit per pig per
d was maximized ($0.0291/d) at 196 d of age, 103.5 kg.
With the higher market price, the profit per pig per d was
maximized at $0.1595/d at 195 d of age and 102.91 kg of
CW (Figure 6). If all heavy CW discounts were eliminat-

Figure 2. The mean sort loss ($/pig) relative to age for 4 levels
of BW estimation error (BWEE = 0, 4, 6, and 8%, percentage of
pigs not visually evaluated = 0%).

11.42
6.08
2.55
1.18
0.79
1.12
2.96
10.13
19.47

75.49
80.09
84.58
88.95
93.17
97.26
101.21
105.00
108.65

Mean, kg

CW

5.07
5.38
5.68
5.97
6.26
6.53
6.80
7.05
7.30

SD
11.97
6.56
3.25
1.42
1.13
2.43
5.88
12.37
19.19

Mean sort
loss
75.55
80.16
84.66
89.02
93.26
97.35
101.29
105.09
108.75

Mean, kg

CW

BWEE, PNVE = 8, 0

6.00
6.37
6.73
7.07
7.41
7.74
8.05
8.35
8.64

SD

11.30
6.12
2.78
1.44
1.38
2.45
5.13
11.48
19.55

Mean sort
loss

75.85
80.48
84.99
89.37
93.62
97.73
101.69
105.51
109.18

Mean, kg

CW

BWEE, PNVE = 0, 24

5.83
6.18
6.53
6.87
7.19
7.51
7.81
8.11
8.39

SD

11.67
6.48
3.34
1.72
1.79
3.59
7.33
13.67
20.11

Mean sort
loss

75.98
80.61
85.13
89.53
93.78
97.90
101.87
105.69
109.36

Mean, kg

CW

BWEE, PNVE = 8, 24

6.57
6.97
7.36
7.74
8.11
8.47
8.81
9.14
9.46

SD

1

Pigs were sold with the heaviest 25% sold the first cut, the second heaviest 25% were marketed 10 d later, and the lightest 50% were marketed 14 d later (Cabezon
et al., 2016). BWEE = BW estimation error as a percentage of the actual value; PNVE = percentage of pigs not visually evaluated. The main effects of age, BWEE,
and PNVE, and age × PNVE, age × BWEE, and age × BWEE × PNVE interactions were significant (P < 0.001). The effects of BWEE and interaction of BWEE × PNVE
affected (P < 0.001) the mean sort loss per pig at all ages. PNVE affected the sort loss at all ages (P < 0.001) except at mean age of 162.5 d.

155.5
162.5
169.5
176.5
183.5
190.5
197.5
204.5
211.5

Mean age, d

Mean sort
loss

BWEE, PNVE = 0, 0

Table 3. The mean sort loss, mean carcass weight (CW), and SD for carcass weight for 4 levels of sorting accuracy1
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Figure 3. The mean sort loss ($/pig) relative to carcass weight
(CW) for 4 levels of sorting errors (BW estimation error,
percentage of pigs not visually evaluated = 0, 0; 8, 0; 0, 24; 8,
24).

ed, the optimal CW for the mean individual pig remains
the same for the $1.433/kg of CW price (202 d of age,
106.8 kg of CW) as the true maximal profit per pig was
achieved without sort loss that day. Without any heavy
CW discounts, only reduced percent LPREM, the maximal profit per pig with the $1.653/kg of CW price was
at 222 d of age, 117.2 kg of CW, and a profit of $29.92/
pig (data not shown). The optimal profit per pig per d in

Figure 4. The daily increase in sort loss ($/pig) relative to
carcass weight (CW) for 4 levels of BW estimation error (BWEE
= 0, 4, 6, and 8%, percentage of pigs not visually evaluated =
0%).
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Figure 5. The daily increase in sort loss ($/pig) relative to carcass
weight (CW) for 4 levels of sorting errors (BW estimation error,
percentage of pigs not visually evaluated = 0, 0; 8, 0; 0, 24; 8,
24).

this situation, the daily maximum profit per pig per d of
$0.1595 was achieved at 195 d of age and 102.9 kg of CW.
The daily increases in carcass value with sort loss with
different market prices and levels of sorting accuracy are
shown in Figures 7 to 10. The daily increases in carcass
value with increased CW are due to 3 factors: decreased
daily CW gain (0.617 kg/d at 93 kg of CW to 0.562 kg/d
at 105 kg of CW), a decrease in the carcass LPREM
($0.1128/kg at 93 kg of CW to $0.1021/kg at 105 kg of
CW), and the increase in sort loss. Of the 3 factors reducing the daily increase in carcass value, the daily increase
in sort loss has by far the greatest effect and is the most
greatly affected by the level of BWEE and PNVE. The

Figure 6. Relationship of daily revenues (increase in carcass
value) and daily costs relative to carcass weight (CW) without
sort loss.
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Figure 7. Daily increase in carcass value ($/pig per d) and daily
costs for 4 levels of BW estimation error (BWEE = 0, 4, 6, and
8%, percentage of pigs not visually evaluated = 0%) at low
carcass price ($1.433/kg).

daily increases in sort loss reduce the net daily increases
in carcass value at different rates for different levels of
sorting accuracy. The marketing of the first 2 MCUT is
primarily based on the profit per pig and the timing of the
third cut primarily based on maximizing the daily returns
above daily feed and variable costs (Li et al., 2003; Boys
et al., 2007). With increasing BWEE and PNVE, the daily
revenues are reduced to a greater extent at lighter CW,
and the point of daily increases in value being equal to the
marginal cost occurs at lighter CW and reduced ages with
increasing BWEE and PNVE.
The higher market price of $1.653 versus $1.433/kg increased the daily revenues approximately $0.1360/d at 93
kg of CW and $0.1239/d at 105 kg of CW without sort
loss (Figure 6). At the lower market price, the point of
daily increase in carcass value being equal to daily cost
was achieved when the daily increase in sort loss was
approximately $0.10. With the higher market price, the
point of daily increase in carcass value being equal to daily
cost was achieved when the daily increase in sort loss was
approximately $0.23. Based on these results, the optimal
marketing ages and CW decrease as the levels of BWEE
and PNVE increase.
The optimal mean marketing age and CW for different
levels of sorting accuracy are shown in Table 4. In most
cases the optimal marketing age and CW are the same
or within a day for maximum profit per pig or maximum
profit per day in the barn. This is because the marketing
of 50% of the pigs for the last MCUT creates a distribution of pigs such the optimal market CW for either criteria
is almost identical. The higher market price increases the
optimal market ages for maximum profit per pig by 3 to

Figure 8. Daily increase in carcass value ($/pig per d) and
daily costs for 4 levels of sorting errors (BW estimation error,
percentage of pigs not visually evaluated = 0, 0; 8, 0; 0, 24; 8,
24) at low carcass price ($1.433/kg).

4 d and optimal CW by 1.8 to 2.4 kg with increased sort
losses of $0.44 to $0.63 per pig (Table 4). The higher market price did not significantly increase the optimal marketing age or CW with the profit per pig per d criteria. In
only 2 cases, BWEE = 0% and PNVE = 8%, and BWEE
= 0% and PNVE = 24%, did the optimal marketing age

Figure 9. Daily increase in carcass value ($/pig per d) and daily
costs for 4 levels of BW estimation error (BWEE = 0, 4, 6, and
8%, percentage of pigs not visually evaluated = 0%) at high
carcass price ($1.653/kg).
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increase 1 d (Table 4). As expected daily profits per pig
per d were increased by approximately $0.12 per pig per
d with the higher market price (mean CW gain/d times
increase in price).
The relationships of mean profit per pig and mean profit
per pig per d are shown in Figures 11 to 14. At CW below 91 kg, the effects of any of the 3 levels of inaccurate
sorting (BWEE = 8%, PNVE = 24% or combination of
BWEE = 8% and PNVE = 24%) on profit per pig or
profit per pig per day are small. As mean CW increases
with increased marketing ages, the effect of inaccurate
sorting increases and is maximized at a range of 97 to 104
kg of CW. With accurate sorting, the profit per pig and
profit per pig per d continue to increase above 93 kg mean
CW and the optimal CW, 97 to 98.8 kg, are achieved at
CW that are greater than the optimal mean CW for less
accurate sorting (Figures 11 to 14). The figures indicate
that with less accurate sorting, profitability may be more
sensitive to errors in hitting the optimal market CW than
with more accurate sorting.
It should be noted that if a producer with inaccurate
sorting of pigs targets and achieves a mean CW of 93.3 kg
to maximize profit per pig per d, with a carcass price of
$1.433/kg the annual decrease in profit for a 4,000-head
wean-finish barn is $10,550 compared with accurate sorting (data from Figure 11). However, if producers market
their pigs at the target CW for producers with accurate
sorting (6 d later at approximately 97 kg), the profit per
pig will be reduced from $2.00 to $0.46, the daily returns
reduced to $0.00257/pig per d (Figure 11) and annual returns to a 4,000-head barn is reduced $23,550 in comparison with producers with accurate sorting. The targeting
of the mean CW without regard to the level of sorting
accuracy has a substantial economic cost.
Genetically lean pigs maintain greater feed efficiency,
PL, and LPREM to heavier CW (Boland et al., 1993;
Schinckel et al., 2008). In genetic populations with poorer
feed efficiency and more rapid decreases in feed efficiency,
PL and LPREM will have greater daily feed costs relative
to their marginal increase in carcass value (Boland et al.,
1993; Schinckel et al., 2008). For this reason, less-feedefficient, lower-PL pigs have reduced optimal market BW
and CW when the profit margins are small. When there
is no sort loss for heavy CW, even at relatively low profit
per pig, the optimal market CW is at or above 103 kg for
genetically lean pigs for this marketing value system.
The optimal market weight to maximize profit per pig
per d is always equal to or less than that needed for maximal profit per pig. When marketing of the final MCUT,
emptying and refilling the barn should be targeted to
maximize the daily returns above daily feed and variable
costs (Li et al., 2003; Boys et al., 2007, Frey, 2007). A fully
stochastic model that allows flexibility for the percentage
of pigs marketed each MCUT, number of MCUT, and target BW (or CW) is required to truly optimize the daily
returns for the facility (Li et al., 2003; Boys et al., 2007).
The current and past results indicate that optimization of
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Figure 10. Daily increase in carcass value ($/pig per d) and
daily costs for 4 levels of sorting errors (BW estimation error,
percentage of pigs not visually evaluated = 0, 0; 8, 0; 0, 24; 8,
24) at high carcass price ($1.653/kg).

the marketing strategy must take into account estimates
of the level of sorting accuracy (Cabezon et al., 2016; Que
et al., 2017).
Data indicate that the sorting accuracies of most current
pork producers are approximated by the least accurate
level of sorting accuracy simulated (BWEE = 8%, PNVE
= 24%, Que et al., 2016, 2017; Y. Que and A. P. Schinckel,
unpublished data). This is based on statistics including (1)
the estimated number of pigs sold correctly each cut and
overall, (2) the increased SD for CW overall and especially
for the second cut, and (3) the distribution and magnitude
of the estimated sorting errors (Cabezon et al., 2016; Que
et al., 2016).
It should be noted that most models developed to optimize the marketing strategy of pigs have not considered
the accuracy with which the pigs are sorted for market
(Boys et al., 2007; Ohlmann and Jones, 2008; Khamjan et
al., 2013). As BWEE and PNVE increased, the optimal
market BW decreased and SD in CW increased. Based on
these results, the accuracy with which pigs are sorted for
market, including estimates of BWEE and PNVE, must be
included in any model to evaluate alternative market BW
and strategies. Methods to directly estimate BWEE and
PNVE from the available CW information have not been
developed. The means to estimate both parameters simultaneously may be difficult because changes in the distribution of the CW by each type of sorting error (BWEE and
PNVE) for the simpler statistics (mean and variances) are
similar. The 2 types of sorting errors do produce differences in distribution of the CW and the distribution of the
magnitude of the marketing errors (Cabezon et al., 2016).

1

0, 0
4, 0
6, 0
8, 0
8, 8
8, 16
8, 24
0, 8
0, 16
0, 24
0, 0
4, 0
6, 0
8, 0
8, 8
8, 16
8, 24
0, 8
0, 16
0, 24

BWEE, PNVE1
190.5
188.5
186.5
185.5
185.5
185.5
184.5
189.5
187.5
187.5
193.5
191.5
190.5
188.5
188.5
188.5
188.5
192.5
191.5
190.5

Mean age, d
97.04
95.83
94.61
93.99
93.99
93.99
93.38
96.44
95.22
95.22
98.83
97.64
97.04
95.83
95.83
95.83
95.83
98.24
97.64
97.04

Mean CW, kg
1.07
1.09
1.13
1.29
1.47
1.70
1.77
1.36
1.42
1.68
1.51
1.53
1.78
1.76
1.99
2.26
2.49
1.82
2.05
2.17

Population
sort loss
3.35
3.14
2.88
2.60
2.42
2.19
2.00
2.97
2.70
2.44
24.95
24.51
24.04
23.60
23.37
23.09
22.86
24.44
23.99
23.64

Profit/pig
190.5
188.5
186.5
185.5
185.5
184.5
184.5
188.5
187.5
186.5
190.5
188.5
186.5
185.5
185.5
185.5
184.5
189.5
187.5
187.5

Mean age, d
97.04
95.83
94.61
93.99
93.99
93.38
93.38
95.83
95.22
94.61
97.04
95.83
94.61
93.99
93.99
93.99
93.38
96.44
95.22
95.22

1.07
1.09
1.13
1.29
1.47
1.58
1.77
1.26
1.42
1.57
1.07
1.09
1.13
1.29
1.47
1.70
1.77
1.36
1.42
1.68

Population
sort loss

Profit/pig per d
Mean CW, kg

BWEE = BW estimation error as a percentage of the actual value; PNVE = percentage of pigs not visually evaluated.

1.653

1.433

Market
price, $/kg

Profit/pig

Table 4. Mean carcass weight (CW) and mean age at the maximum profit per pig or maximum profit per pig per day at 2 market prices

0.0187
0.0177
0.0164
0.0150
0.0139
0.0126
0.0116
0.0168
0.0154
0.0140
0.1382
0.1371
0.1356
0.1341
0.1330
0.1317
0.1306
0.1361
0.1346
0.1332

Profit/pig per d
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Figure 11. Relationship of mean profit per pig ($/pig) to carcass
weight (CW) for 4 levels of sorting errors (BW estimation error,
percentage of pigs not visually evaluated = 0, 0; 8, 0; 0, 24; 8,
24) at the low carcass price ($1.433/kg).

Figure 13. Relationship of mean profit per pig ($/pig) to carcass
weight (CW, kg) for 4 levels of sorting errors (BW estimation
error, percentage of pigs not visually evaluated = 0, 0; 8, 0; 0,
24; 8, 24) at the high carcass price ($1.653/kg).

The distribution of CW, overall and especially for the
second MCUT, was greatly affected by the levels of sorting errors (Cabezon et al., 2016). Increasing the number

of MCUT from the extreme of emptying the barn once the
same day to several weekly MCUT will reduce the SD for
BW and CW (Schinckel et al., 2003). With no assumed
sorting errors, the means and SD for CW of 1 MCUT (160
d), 3 MCUT (146, 160, and 174 d), and 6 weekly MCUT
(146 to 181 d) were 119.4, 119.3, and 119.4 kg and 9.1, 4.3,
and 3.0 kg, respectively (Schinckel et al., 2003). The effect

Figure 12. Relationship of mean profit per pig per day ($/pig per
d) to carcass weight (CW, kg) for 4 levels of sorting errors (BW
estimation error, percentage of pigs not visually evaluated = 0,
0; 8, 0; 0, 24; 8, 24) at the low carcass price ($1.433/kg).

Figure 14. Relationship of mean profit per pig per day ($/pig per
d) to carcass weight (CW, kg) for 4 levels of sorting errors (BW
estimation error, percentage of pigs not visually evaluated = 0,
0; 8, 0; 0, 24; 8, 24) at the high carcass price ($1.653/kg).
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of increasing the number of MCUT with inaccurate sorting to reduce the SD of the CW has not been evaluated.
The effect and interactions of BWEE and PNVE on the
distribution of CW with alternative number of MCUT has
not been evaluated. Most past simulation projects have
found that 3 MCUT are sufficient to maximize daily returns above feed costs (Li et al., 2003; Boys et al., 2007;
Ohlmann and Jones, 2008). Marketing schedules with 3
MCUT have been considered by pork producers to maximize returns and reduce the effect of limited pen space
(Deen et al., 1998, Flohr et al., 2015)
The market value of a pork carcass is a function of the
weight of each primal or subprimal cut times the value of
each cut (Akridge et al., 1992; Marcoux et al., 2007). The
values of primal and subprimal cuts are based on specific
weight classes or dimensions (i.e., belly width or depth).
Variation in CW is the major source of variation for the
weights of primal and subprimal cuts (Khamjan et al.,
2013; Lawlor et al., 2013; Schinckel et al., 2013). By affecting the distribution of CW, sorting errors can affect
the value of the carcasses by affecting the distribution of
primal and subprimal cut weights.
The evaluation of alternative management and marketing strategies requires knowledge of the between-pig variation in primal and subprimal cut weights (Marcoux et al.,
2007; Mérour and Hermesch, 2008; Khamjan et al., 2013).
Stochastic models have been developed to reproduce the
variation in BW growth, CW, carcass composition, and
carcass cut weights (Schinckel et al., 2003, 2009b, 2013).
The accuracy of sorting pigs for marketing must be taken
into account in any systems analyses of the pork production-processing chain because it has such a substantial effect on the distribution of CW.
Currently, the pork processors’ marketing grids have a
substantial effect on the pork producer’s optimal marketing strategy (Deen et al., 1998; Li et al., 2003; Boys et al.,
2007). Pork producers with less accurate sorting of pigs
for market are directed by the current marketing grid to
reduce the mean CW of their pigs close to the midpoint of
the pork processors’ acceptable CW range. However, the
mean and distribution of primal and subprimal cuts produced by the pork producers in response to the pork processor’s marketing grid may not coincide with the distribution of cut weights that maximizes the pork processor’s
daily net returns (Poray et al., 2003; Schinckel, 2011). The
information needed to produce the optimal distribution
of pork products will require realigning product information flows and incentives, most likely through vertical integration or coordination (Poray et al., 2003). A marketing
system that provides premiums or discounts for the distribution of CW, including both the mean and variance in
CW, could provide direct incentives for pork processors to
increase the accuracy with which pigs are sold for market.
Both the costs and benefits of alternative methods to more
accurately sort pigs for market must be considered.

IMPLICATIONS
The simulation of 2 types of errors in sorting market
pigs has indicated that the optimal market BW and CW
decrease as the accuracy of sorting decreases. The current
marketing grids encourage pork producers with less accurate sorting of pigs to market pigs at CW close to the midpoint of the pork processor’s acceptable CW range. The
level of sorting accuracy must be estimated and accounted
for in the optimization of market BW. The current pork
processor grids do not directly encourage pork producers
to more accurately sort pigs to reduce their variation in
CW and cut weights.
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ABSTRACT
This study investigates United States meat goat producers’ goal structure and examines whether these goals
are consistent with farm profitability. Data were collected
using a nationwide mail survey, and 7 potential goals of
meat goat farmers were analyzed. Results showed that
“maximize profit” and “have family involved in agriculture” were the 2 most important goals, whereas “control
weeds/vegetation” and “increase farm size” were the leastranked goals. Regression results showed that farmer demographics, farm characteristics, economic indicators, and
regional variables affected farmer goal structure. Results
did not support a correlation between farm profitability
and profit-maximizing goals such as “maximize profit” and
“avoid years of loss/low profit.”
Key words: goal structure, meat goat, profitability Journal of Economic Literature classifications: Q11, Q12, Q19

INTRODUCTION
The United States meat goat industry has grown rather
dramatically over the last couple of decades, spurring interest in the reasons for its growth and its prospects for
further expansion. From 1987 to 2012, numbers of meat
goat farms and inventory (total head) in the United States
increased from 29,354 to 100,910 and 415,196 to 2,053,228,
respectively (USDA-APHIS, 2005; USDA-NASS, 2012).
This increased production resulted primarily from greater
demand, mostly by immigrants from goat meat consuming countries; the establishment of meat goat producer
associations; a shift from Angora goats and mohair production to meat goats as driven by changes in United
States agricultural support (mohair) policies; and a shift
from tobacco production on small landholdings to meat
goats in response to the United States tobacco settlement
(Shurley and Craddock, 2005). Despite these production
increases, domestic production has not kept up with the
rapid growth in goat meat demand, resulting in the UnitThe authors declare no conflict of interest.
The views expressed are those of the authors and should not be
attributed to the Economic Research Service or USDA.
2
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ed States relying heavily on imports from Australia and
New Zealand (Shurley and Craddock, 2005).
Although the meat goat industry shows promise for further growth due to the demand for goat meat (Liu et al.,
2013), the goal structure of meat goat farmers will affect
the extent of farmer investment, engagement, and involvement in the enterprise, which will ultimately affect production. Harper and Eastman (1980) argued that farmer
accomplishments depend largely upon their goals and objectives for the farm. Management decisions are driven
largely by farmer values and goals that are related to family, society, the environment, and leisure (Isubikalu et al.,
1999; Brodt et al., 2006). This suggests that farmer goal
structure has a strong effect on how farmers make decisions, ultimately influencing aggregate supply. Therefore,
understanding the goal structure of farmers is of interest
as we investigate the potential for growth and development of the meat goat industry. The objectives of this
study were to determine the goal hierarchy of meat goat
farmers and the factors influencing their goal hierarchy.
Goals can be defined as ends or states for which a person aims. They may be ultimate ends or may be steps
in the process of achieving other goals (Gasson, 1973).
Economists commonly assume profit-maximizing or costminimizing behavior in prescribing recommended strategies to farmers. Although these assumptions are powerful
in determining prescriptive economic solutions, they are
limited in their capacity to describe actual farm allocation
decisions. Maximizing profit or minimizing cost are rarely
the only motivations for establishing a farm (Kliebenstein
et al., 1980). In some cases, economic considerations will
be eclipsed by motivations more closely related to lifestyle.
Previous studies examining farmer goals and motivations
for different agricultural enterprises (e.g., Harper and Eastman, 1980; McEachern and Willock, 2004; Tregear, 2005;
Basarir and Gillespie, 2006; Peterson et al., 2012) have
shown that farmers generally have multiple goals such as
economic, environmental, and lifestyle-related goals.
There are several reasons meat goat farmers could have
different goals for their farms than farmers of other enterprises. Meat goat grazing preferences differ from other
ruminants, providing help in controlling weeds and brush.
For landowners whose primary motivation is to maintain
their land, goats can provide significant benefit. Goats
can graze complementarily alongside other livestock, such
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Figure 1. Illustration of 4 potential responses using the fuzzy pair-wise comparison method.

as cattle, because of their different grazing preferences.
Gillespie et al. (2016) found that the statement “goat
grazing preferences are different from other species” was
the fourth-most important of 14 reasons why meat goat
farmers had elected to produce meat goats. Qushim et al.
(2016) determined that meat goat farms are scale efficient
at 64 goats, suggesting that meat goats can be raised efficiently on farms of <8 ha (20 acres). [Farms in the “Midwest” and “Texas/Oklahoma” had higher average numbers
of goats per land area used for the goat operation (12.8
and 14.8 goats/ha, respectively) as compared with the
other 3 regions. Farms in the “Midwest” primarily used
“pastured not rotated” and “pastured rotated” systems,
whereas those of “Texas/Oklahoma” used “pastured rotated,” “extensive,” and “dry lot” systems for raising goats.
The greater use of “dry lot” system in “Texas/Oklahoma”
contributed to its greater average number of goats per
acre used for the goat operation.] Thus, meat goats are an
enterprise option for small hobby, part-time, and lifestyleoriented farmers.
Gillespie et al. (2016) found that hobby farming and lifestyle-related reasons were more important than economic
reasons in farmer selection of a goat enterprise. Goats are
relatively easy to handle and in some cases are kept as
pets or as show livestock for youth. Women account for a
substantial portion of meat goat farmers. The survey on
which the current study is based suggests that about 41%
of meat goat farmers are women, compared with results
from Hoppe and Korb (2013), which indicated about 14%
of United States farm operators are female. United States
meat goat farmers are older, on average, than United
States cattle and hog farmers, which is attributed to the
production of meat goats in retirement for lifestyle reasons
(USDA-APHIS, 2005). In sum, United States meat goat
production and its farmers differ somewhat from farmers
of other agricultural enterprises, which raises the question
of what affects their goal structure.

MATERIALS AND METHODS
Goal Hierarchy Elicitation and Estimation
The fuzzy pair-wise comparison method (Van Kooten
et al., 1986) was selected for this study to elicit the goal
hierarchies of meat goat producers. A mail survey of meat
goat farmers was conducted in which the following information was provided: “Goat producers may have multiple

goals with respect to their farms. Below are some potential
goals you may have for your entire farm operation. Some
goals are likely to be more important to you than others.
In this section, you will be asked to compare each of 7
goals with each of the other goals. We are interested in
how important each goal is when compared to the other
goals. Questions will be worded similar to the one in the
following example.” This was followed by 3 examples of
possible answers in an illustration as shown in the next
paragraph. Respondents were asked to indicate their ratings of importance for a series of 21 goal pairs based on
the examples shown. With a total of n goals, there would
be n × (n − 1)/2 total pair-wise comparisons.
Using the fuzzy pair-wise method, 2 goals are placed
on a unit–distance line as in Figure 1 where respondents
may mark an “X” anywhere across the line based on their
ratings of importance for each. The midpoint (which indicates the goals are equally important) is shown so that
respondents can locate their preference clearly. If respondents weight both goals equally, then they can mark an
“X” on the midpoint. The closeness to which the “X” is
marked to one goal versus the other indicates the degree
of importance for that goal over the other.
Considering the total distance between goal A and goal
B is a unit value, the respondent’s degree of importance of
goal A relative to goal B (RAB) is expressed by the distance
of mark “X” from goal B. If RAB <0.5 and B is slightly
more important than A, then Figure 1.1 shows how the
respondent might indicate his or her goal rating. If RAB =
0.5, then A and B are equal in importance and Figure 1.2
shows how the respondent might indicate his or her goal
rating. If RAB >0.5 and A is much more important than
B, then Figure 1.3 shows how the respondent might indicate his or her goal rating. If RAB = 1 and A is absolutely
preferred to B, then Figure 1.4 shows how the respondent
might indicate his or her goal rating (Van Kooten et al.,
1986).
By measuring the distance from goal A to the marked
“X,” the degree of importance (Rij, i ≠ j) of one goal i
over the other j is obtained for each pair and the degree
of importance of goal j over i can be estimated as Rji
= 1 − Rij. Basarir (2002) provides a fuller discussion of
the calculation of relative importance of each goal. Effects
of farm descriptors and farmers’ socioeconomic variables
on goal structure are determined by using ordinary least
squares (OLS) regression. [Seemingly unrelated regression
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was used by Van Kooten et al. (1986) and Basarir (2002),
where independent variables differed for each goal equation. Use of seemingly unrelated regression does not guarantee greater efficiency if the explanatory variables are the
same for all equations, as in our study, and the efficient
estimator is OLS if regressors are identical for each equation (Greene, 2008).] Goals considered in the analysis were
“maximize profit,” “have family involved in agriculture,”
“avoid years of loss/low profit,” “have time for other activities,” “increase net worth,” “control weeds/vegetation,”
and “increase farm size.”

Independent Variables
The survey included additional questions that allowed
for determination of the relationship between farm and
farmer characteristics and goal hierarchy. Independent
variables used to determine the types of meat goat farmers most likely to favor specific goals can be categorized
into 5 groupings: farm descriptors, farm diversification,
demographics, farmer risk preference, and regional variables. Farm descriptor variables include “number goats,”
“percent sale slaughter,” “pastured not rotated,” “pastured
rotated,” and “dry lot.” “Number goats” is the total number of meat goats on the farm. “Percent sale slaughter” is
the percentage of goats sold for slaughter or as meat as
opposed to sales for breeding stock, show, or other uses
such as pets.
Percentages of total animals raised under the major
production systems are represented by “pastured not rotated,” “pastured rotated,” and “dry lot.” In a “pastured
not rotated” system, goats are pastured without using a
management intensive rotational grazing system, whereas
in “pastured rotated,” pastures are cross-fenced into paddocks so that goats can be rotationally grazed by periodically moving them to fresh pasture (Coffey, 2006). In
a “dry lot” system, animals are confined and the feed is
brought to them. “Pastured not rotated,” “pastured rotated,” and “dry lot” are dummy variables, with the base
being “extensive,” where animals are placed on forage and
largely left to fend for themselves with lower management.
These production systems vary by investment, labor, and
managerial requirements, with the “extensive” system requiring the least labor and management and the “dry lot”
and “pastured rotated” systems requiring the most. Given
the contrasts in land, labor, and management requirements among these systems, differences in the underlying
goal structures of the farmers who produce under each
system can be expected.
“Farm income goat,” the percentage of annual net farm
income derived from the meat goat operation, is used as
a proxy for the degree of farm diversification. Farmer demographic variables include “age,” “bachelor,” and “offfarm job.” “Bachelor” is a dummy variable indicating the
farmer held a college bachelor’s degree. “Off-farm job” is
a dummy variable indicating the farmer held an off-farm
job. Farmers working in off-farm jobs generally have less
time to devote to the farm business.

Farmer risk preference was incorporated with a dummy
variable, “risk averse,” indicating that farmers tend to
avoid risk when possible in their investment decisions. As
developed by Fausti and Gillespie (2006), farmer risk preference was derived from the question “Relative to other
investors, how would you characterize yourself?” with the
potential responses “I tend to take on substantial levels
of risk in my investment decisions,” “I tend to avoid risk
when possible in my investment decisions,” and “I neither
seek nor avoid risk in my investment decisions.” Farmers
were considered to be more risk averse if they selected the
second alternative.
Regional dummy variables (“Southeast,” “Northeast,”
“Midwest,” and “West”) capture the regional variation in
land quality, climate, and market prices around the United
States. The base is “Texas/Oklahoma,” the states in the
United States with the most and third-most meat goat
farms, respectively. Farmer goals may be influenced by
their location and the surrounding environment. Previous
goal structure studies (Peterson et al., 2012) have examined the effect of region on farmer motivations.

The Survey
The data for this study were collected via a mail survey
during summer and early fall 2012, following Dillman et
al. (2009). A total of 1,600 producer names were collected
from nationwide online farm listings. They were listed as
members of meat goat associations, on the website www
.eatwild.com, or on personal websites. A cover letter, 10page questionnaire, complimentary pen, and postage-paid
return envelope were included in the first mailing in July
2012, followed by a postcard reminder 2 wk later. A new
cover letter, survey, and return envelope were sent 2 wk
hence, and finally, a second postcard reminder was sent
to nonrespondents 1 wk later. The adjusted response rate
was 43% considering the 584 completed responses, 190 additional responses from those who did not produce meat
goats during 2011, and 52 additional surveys that were
undeliverable.
From the USDA-NASS Census of Agriculture (USDANASS, 2012), the average 2012 meat goat farm size was 20
goats, including farms with ≥$1,000 in total farm sales and
≥1 goat. Our sample farms averaged 61 goats, including
goats used for dairy, hair, and other purposes. Although
our sample average farm size is larger than the census average farm size, the majority of the census farms (52.4%)
had <10 goats, with these farms accounting for only 9.1%
of total inventory (USDA-APHIS, 2011). Most farms with
<10 goats focused on use other than for slaughter goat
production (i.e., pets, livestock shows, brush control; USDA-APHIS, 2011), so we argue that those farms do not
represent United States commercial meat goat farms. We
believe our sample provides a reasonable representation of
United States commercial meat goat farms because sample
farm sizes were as expected larger than those of the census farms, sample farmers advertised via the internet or
were members of meat goat associations, and the sample
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Table 1. Means of independent variables used in the analysis
Variable

Description

Mean

“Number goats”
“Percent sale slaughter”
“Percent sale breeding stock”
“Percent sale show”
“Percent sale others”

Total number of meat goats on the farm
Percentage of goats sold for slaughter or as meat
Percentage of goats sold for breeding stock
Percentage of goats sold for show
Percentage of goats sold for other than slaughter, breeding stock, or show
purposes
Producer age (yr): (1) ≤30, (2) 31–45, (3) 46–60, (4) 61–75, (5) ≥76
Dummy = Whether producer holds at least a bachelor’s degree
Dummy = Whether producer holds an off-farm job
Percentage annual net farm income derived from goat operation: (1) 0–19%, (2)
20–39%, (3) 40–59%, (4) 60–79%, (5) 80–100%
Number of breeding-aged goats produced under this system
Number of breeding-aged goats produced under this system
Number of breeding-aged goats produced under this system
Number of breeding-aged goats produced under this system
Dummy = Producer self-characterization relative to other investors: (I tend to avoid
risk when possible in my investment decision.)
Percentage of producers residing in AL, AR, FL, GA, KY, LA, MS, NC, SC, TN, VA,
or WV
Percentage of producers residing in CT, DE, MA, MD, ME, NH, NJ, NY, PA, RI, or
VT
Percentage of producers residing in KS, IA, IL, IN, MI, MN, MO, ND, NE, OH, SD,
or WI
Percentage of producers residing in AK, AZ, CA, CO, HI, ID, MT, NM, NV, OR, UT,
WA, or WY
Percentage of producers residing in TX or OK

60.84
44.61
30.38
16.18
2.32

“Age”
“Bachelor”
“Off-farm job”
“Farm income goat”
“Extensive”
“Pasture not rotated”
“Pastured rotated”
“Dry lot”
“Risk averse”
“Southeast”
“Northeast”
“Midwest”
“West”
“Texas/Oklahoma”

included observations from all US states, with the exceptions of Alaska, Connecticut, Hawaii, Montana, Nevada,
Rhode Island, and Wyoming, which together represented
<2% of United States meat goat farms in 2007 (USDANASS, 2007).

RESULTS AND DISCUSSION
Table 1 provides summary statistics of independent
variables used in the analysis, as derived from the mail
survey. We point out a few specific production statistics.
On average, there were 61 meat goats per farm. Farmers
sold averages of 45% of their goats for slaughter, 30% as
breeding stock, 16% for show, and 2% for other purposes.
These categories do not sum to 100% because some of percentages provided by respondents did not sum to 100%.
Approximately 11% of the breeding-aged goats were raised
under an extensive-range system, 29% were pastured but
not rotated, 48% were pastured and rotated, and 13%
were produced under a dry lot system.
Table 2 shows the ranking of goals according to the
scores received. “Maximize profit” was ranked as the most
important goal by meat goat farmers, with a goal score
of 0.51, and the second most important goal was “have
family involved in agriculture,” with a goal score of 0.50.
“Avoid years of loss/low profit,” “have time for other ac-

51.91
0.45
0.61
39.86
10.80
28.56
47.81
12.82
0.45
36.13
7.02
36.82
9.25
10.78

tivities,” “increase net worth,” and “control weeds/vegetation” were ranked as third through sixth, with goal scores
of 0.49, 0.48, 0.46, and 0.40, respectively. “Increase farm
size” was the least important, with a goal score of 0.33.
Paired t-tests (P ≤ 0.10) were used to determine whether there were significant differences among the mean goal
scores (Table 2). “Maximize profit,” “control weeds/vegetation,” and “increase farm size” were the only 3 goals that

Table 2. Ranking of producer goals according to scores
received, 488 observations1
Goal
A: “maximize profit”
B: “have family involved in agriculture”
C: “avoid years of loss/low profit”
D: “have time for other activities”
E: “increase net worth”
F: “control weeds/vegetation”
G: “increase farm size”

Mean score
0.51BCDEFG
0.50AFG
0.49AEFG
0.48AFG
0.46ACFG
0.40ABCDEG
0.33ABCDEF

The mean score of a goal differs from others as indicated
by superscripts. For example, goal A differs from goals B,
C, D, E, F, and G.

1
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were consistently different in rating from all of the other
goals. “Avoid years of loss/low profit” also differed from
“increase net worth.” These results show a combination
of motivations for meat goat farmers, with 2 of the most
important being economic in nature—maximizing profit
and avoiding financial risk. Leisure and lifestyle goals were
also important, with “having the family involved in agriculture” and “having time for other activities” also among
the top goals. We conclude that economic goals are highly
important for a major portion of the farmers in this industry, whereas for others, leisure goals are more important.
A multicollinearity test was conducted by estimating
variance inflation factors for the independent variables
used in the OLS regression. With all variance inflation
factors <5, no multicollinearity problems were detected
(Kennedy, 1992). Because the same set of independent
variables was used for all 7 equations, the omitted variable Ramsey RESET test and the model Link Test were
conducted for all equations individually (Ramsey, 1969).
Results of these tests did not indicate specification problems for any of the 7 equations. Heteroskedasticity-consistent robust standard errors were estimated (Cameron and
Trivedi, 2010).
Table 3 shows the OLS results. Larger-scale farmers
more heavily weighted the goals “maximize profit” and
“increase farm size” and placed less weight on “have time
for other activities.” These results suggest that larger-scale
farmers were more concerned with economic goals and less
motivated by lifestyle or leisure goals. Smaller farmers are
less likely to benefit from economies of size, perhaps indicating a lower importance placed on profit-maximizing
goals (Basarir and Gillespie, 2006). Greater investment
associated with a larger-scale enterprise generally leads
to greater income risk. Basarir and Gillespie (2006) found
that larger-scale livestock (beef and dairy) farmers weighted the “have time for other activities” goal lower than
smaller-scale farmers. The greater emphasis that largescale meat goat farmers place on economic goals is unsurprising, particularly given the economies of size that can
be expected with larger-scale meat goat production, as
shown by Qushim et al. (2016).
As compared with an “extensive” production system,
farmers raising goats in a “pastured not rotated” system
more heavily weighted the goals “maximize profit” and
“have time for other activities.” Farmers raising goats in
a “pastured rotated” system more heavily weighted the
goals “maximize profit” and “avoid years of loss/low profit” and placed lower weight on “controlling weeds/vegetation.” Farmers raising goats under a “dry lot” system more
heavily weighted the goal “maximize profit” and placed
lower weight on the goal “control weeds/vegetation.” The
consistent result from the system variables is that farmers using the “extensive” system placed lower weight on
the “maximize profit” goal. The “pastured rotated” system
is relatively management intensive and is used to ensure
animal forage requirements are met and forages are ef-

ficiently used, effectively lowering production risk and explaining the “avoid years of loss/low profit” result. A “dry
lot” system would not generally be effective at controlling
weeds and vegetation because animals are confined in an
area with little or no growing forage with feeds brought
to them.
“Farm income goat” was positively associated with
“maximize profit” and negatively associated with “control
weeds/vegetation.” Previous studies have shown mixed results on the relationship between farm diversification and
goal structure (Basarir and Gillespie, 2006; Vik and McElwee, 2011; Peterson et al., 2012). Both “farm income goat”
and “number goats” positively influenced the farmer’s goal
of “maximize profit,” which taken together suggests that
increasing size of the meat goat enterprise and specializing
in meat goat production together are correlated with the
profit-maximization goal. Qushim et al. (2016) did not
find scope economies for United States meat goat production, so we found no previous evidence to suggest that diversification into enterprises other than meat goat production led to cost efficiencies. Therefore, our findings that
farmers whose goals were to maximize profit benefited
from scale economies by producing more meat goats and
specializing in meat goat production are plausible. The
finding that more diversified meat goat farmers placed
higher weight on “control weeds/vegetation” perhaps suggests that meat goats were used on farms alongside other
enterprises, with goats serving as a secondary multi-functional enterprise with one of the functions being to keep
fields cleared of weeds.
Older farmers tended to weight “maximize profit,” “have
time for other activities,” and “control weeds/vegetation”
higher than younger farmers, and “increase farm size” and
“have family involved in agriculture” lower than younger
farmers. The greater emphasis older farmers placed on
controlling weeds and vegetation is consistent with Basarir and Gillespie (2006), where younger farmers were
found to more heavily weight the “avoid years of loss/low
profit” goal and older farmers were found to place greater
emphasis on maintaining and conserving land. On the other hand, Peterson et al. (2012) found younger farmers to
be more concerned with environmental stewardship. The
lower emphases placed by older farmers on “increase farm
size” and “have family involved in agriculture” are consistent with their stage in the family farm life cycle where
they are typically past the growth and survival stage
(Boehlje, 1973) and offspring have left the household.
Farmers holding “bachelor’s” degrees placed greater
emphasis on “have time for other activities.” This result
is consistent with Van Kooten et al. (1986), who found
that more highly educated farmers placed greater weight
on a leisure goal, and Peterson et al. (2012), who found
that farmers holding college degrees were more likely to
weight organic farming as a lifestyle. Basarir and Gillespie
(2006) found farmer education to be negatively associated
with the goal of having the family involved in agriculture.
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Table 3. The regression of goal scores of meat goat producers (heteroskedasticity robust SE in parentheses)

Variable
“Number goats”
“Percent sale
slaughter”
“Age”
“Bachelor”
“Off-farm job”
“Farm income
goat”
“Pastured not
rotated”
“Pastured
rotated”
“Dry lot”
“Risk averse”
“Southeast”
“Northeast”
“Midwest”
“West”
Constant
Observations
R2
P-value

“Maximize
profit”

“Increase
farm size”

“Avoid years
of loss/low
profit”

“Increase
net worth”

“Have time
for other
activities”

“Control
“Family
weeds/
involved
vegetation” in agriculture”

0.0006*
(0.0003)
−0.0002
(0.0005)
0.0931***
(0.0238)
−0.0281
(0.0354)
−0.0046
(0.0419)
0.0317***
(0.0101)
0.0016**
(0.0008)
0.0012*
(0.0007)
0.0021**
(0.0009)
−0.0243
(0.0378)
0.1521**
(0.0695)
0.1750**
(0.0873)
0.0481
(0.0715)
0.0877
(0.0841)
−2.2710***
(0.1370)
436
0.11
0.00

0.0011*
(0.0007)
−0.0026
(0.0019)
−0.1787***
(0.0432)
−0.0333
(0.1190)
0.1533
(0.1396)
−0.0353
(0.0310
−0.0012
(0.0016)
−0.0007
(0.0015)
0.0011
(0.0032)
−0.0070
(0.0948)
−0.2708
(0.3170)
0.3548
(0.3547)
−0.2199
(0.3269
−0.3272
(0.3335)
−1.9945***
(0.3520)
436
0.04
0.01

0.0005
(0.0003)
0.0006
(0.0005)
−0.0041
(0.0206)
−0.0033
(0.0357)
−0.0663*
(0.0390)
0.0032
(0.0115)
0.0007
(0.0008)
0.0013*
(0.0007)
0.0010
(0.0011)
0.0456
(0.0367)
0.0071
(0.0602)
−0.1454
(0.0960)
−0.0430
(0.0606)
−0.0238
(0.0861)
−1.8249***
(0.1137)
436
0.04
0.09

0.0004
(0.0003)
−0.0001
(0.0005)
−0.0268
(0.0251)
−0.0114
(0.0373)
−0.0500
(0.0401)
−0.0159
(0.0109)
0.0002
(0.0008)
−0.0002
(0.0007)
−0.0001
(0.0012)
−0.0330
(0.0369)
−0.0025
(0.0820)
−0.0689
(0.0895)
−0.0356
(0.0833)
−0.0176
(0.0941)
−1.6450***
(0.1388)
436
0.02
0.63

−0.0009***
(0.0003)
−0.0002
(0.0007)
0.1147***
(0.0312)
0.1082**
(0.0456)
0.0985*
(0.0546)
0.0142
(0.0130)
0.0025**
(0.0011)
0.0016
(0.0011)
0.0009
(0.0016)
0.0574
(0.0452)
−0.0382
(0.0854)
0.0373
(0.1001)
0.0009
(0.0842)
0.0004
(0.1117)
−2.3892***
(0.2181)
436
0.10
0.00

−0.0006
(0.0004)
0.0011
(0.0008)
0.2072***
(0.0340)
0.0810
(0.0533)
0.0137
(0.0603)
−0.0290**
(0.0156)
−0.0015
(0.0010)
−0.0018**
(0.0009)
−0.0030**
(0.0013)
−0.0140
(0.0542)
−0.1626*
(0.0891)
−0.1307
(0.1063)
−0.1274
(0.0909)
−0.0636
(0.1093)
−2.3573***
(0.1820)
436
0.13
0.00

−0.0001
(0.0006)
−0.0008
(0.0012)
−0.1619***
(0.0362)
−0.0616
(0.0726)
0.0449
(0.0792)
−0.0262
(0.0265)
−0.0010
(0.0012)
−0.0013
(0.0012)
−0.0003
(0.0019)
−0.0166
(0.0720)
0.2929
(0.3115)
0.3351
(0.3236)
0.3869
(0.2975)
0.3410
(0.2828)
−1.5380***
(0.3439)
436
0.06
0.00

***, **, and *Variables significant at P < 0.01, P < 0.05, and P < 0.10 levels, respectively.

Farmers holding off-farm jobs placed less weight on “avoid
years of loss/low profit” and greater weight on “have time
for other activities.” The off-farm job likely serves as a
steady source of income, reducing the need to avoid risk
for the farming operation. Those holding off-farm jobs
may be farming for leisure rather than as the primary
source of income, hence rating “have time for other activities” higher. Basarir and Gillespie (2006) suggest that
farmers receiving less off-farm income are more likely to
have profit-maximizing goals from the farm.
Although we found that “maximize profit” was the
highest ranked goal of meat goat farmers, Gillespie et al.
(2016) found profit-related reasons to be less important
than other reasons for meat goat farmers to have entered
meat goat production. From Gillespie et al. (2016), the 4
most important reasons leading United States meat goat

farmers to select meat goats as opposed to other agricultural enterprises were hobby or lifestyle related; “Goat
production is profitable” and “Low cost to purchase and
raise goats” were ranked 12 and 13 of 14 possible reasons.
Though it seems at first surprising to see profit-related
goals or reasons with widely different rankings in 2 studies from the same survey, we note that the importance
of the top-2 goals (“maximize profit” and “have family
involved in agriculture”) were close, with “having the family involved in agriculture” almost as important as “maximizing profit.” Alternatively, it is possible that farmers
had selected goat farming primarily for reasons other than
economic, but once farming, economic reasons became of
greater importance. We are interested to see further study
of whether a divergence of reasons for farming and farmer
goals is consistent with other farming enterprises. Consis-
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tent divergence could be plausible, because people may
select a career for many of reasons, but once engaged, the
amount of income derived increases in importance.
Note also that Gillespie et al. (2016) were analyzing why
farmers had selected the meat goat enterprise, whereas
our study analyzed goal structure for the whole farm. The
average meat goat farmers receive only about 39.86% of
farm income from the meat goat enterprise. So, it is plausible that the farmer’s most important goal for the whole
farm was profit related, but the meat goat enterprise was
selected in the enterprise portfolio as a supplementary enterprise for lifestyle reasons or because meat goats fit with
the existing land-management plan.
Results of our study suggest that United States meat
goat farmers have farm goals that do not differ greatly
from those of most livestock farmers, with maximizing
profit being among the most important of a suite of both
economic and lifestyle-related goals. We do note that our
analysis examines the farmers’ goal structure for the whole
farm, which may include other enterprises, so we cannot
conclude that farmers’ goals for the meat goat enterprise
are the same as for the whole farm. In fact, Gillespie et
al. (2016) provides evidence that farmers enter the meat
goat enterprise for reasons other than economic. Nonetheless, our results suggest that meat goat farmers who more
heavily weight economic goals for their farms are larger
scale, more specialized farmers, whereas those with college
degrees and off-farm jobs were more likely to hold lifestylerelated goals.
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ABSTRACT
In the wake of global climate change, it is paramount
that breeders use breed types with optimal performance
ability. This investigation describes a unique 3-breed composite population of cattle in south Texas composed of Red
Angus and tropically adapted Senepol and Tuli breeds.
Under a low-input production system, trend analyses revealed that between 2005 and 2015 total direct costs per
cow decreased by $180 due largely to reduction of feed
costs (−9.40 ± 4.3 $/yr; P < 0.10). Despite years of serious drought, adopting increasingly conservative stocking
rates, and decreasing mean weaning weights, profit per
cow and per hectare were realized every year. Significant
interaction existed between coat type of calf and color of
calf and dam for weaning weight (n = 183 calves and 50
dams). For the light calf–light cow color cohort, slick compared with hairy coated calves differed by only 0.31 ± 12.5
kg (P > 0.05). However, where either or both the calf and
dam were red colored, a larger combined mean difference
of 14.3 ± 5.2 kg (P < 0.05) favored slick over hairy calves.
For preweaning traits, estimates of direct and maternal
breed additive effects were obtained for all 3 breeds. Direct and maternal heterosis effects for birth weight were
negligible (3.1 and 1.6%, respectively). However, direct
heterosis effects were more important for weaning weight
and preweaning growth of 32.7 kg (12.5%) and 0.074 kg/d
(6.7%), although the maternal heterosis effect on weaning
weight was small (1.4%). Chi-square analyses revealed (P
< 0.01) that about 1.5 times more bull than heifer calves
were born (n = 252) when conceived in summer. Overall,
results of this experiment warrant further research.
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INTRODUCTION
For well over a century, major breeding efforts have been
made in the Gulf Coast region to introduce and evaluate
potentially adaptable breeds or biological types of cattle
that can cope with the subtropical climate, infestation by
parasites, and periodic and severe droughts, among other
challenges (Rhoad, 1955). These efforts have widely involved the application of crossbreeding. In more recent
years, a plethora of papers have been published on aspects of sustainability (e.g., reducing carbon footprints
and matching breeding and management practices with
natural ecological phenomena). Moreover, in the wake of
global climate change, it will likely become an even greater
challenge to produce food to meet the demands of a rising
human population (Nelson et al., 2009; Scasta et al., 2015;
Ault et al., 2016; Davis et al., 2017).
A beef ranch located in south Texas has since 2005
been breeding for a more heat- and drought-tolerant
type of cattle that involves a composite of Red Angus,
Senepol, and Tuli breeds. The composite-bred cattle are
mostly slick coated and light colored and are managed
under a low-input production system involving sustainable management practices such as summer breeding and
mid-spring calving, wintering calves on dams, stockpiling
forage or rotational grazing (to avoid feeding hay), grassfed beef production, applying no chemical fertilizers to
pastures, and using tropically adapted African genetics
and available heterosis while selecting for moderate rather
than extreme phenotypes with regard to optimal performance. Several of these practices are consistent with global efforts to mitigate the negative environmental impact of
beef cattle production (Capper, 2011; FAO, 2013).
The research objectives were as follows: (1) to analyze
trends involving costs versus profit per cow and per hectare; (2) to estimate the effects of coat type (slick vs. hairy)
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and color genes (light vs. red) on weaning weight; (3) to
estimate direct and maternal breed additive and heterosis
effects on preweaning growth traits; and (4) to test for distortion of sex ratio involving several years of maintaining
a summer breeding program in south Texas.

MATERIALS AND METHODS
Study Site and Environment
The study was conducted on a privately owned ranch
located in Kingsville, Texas, in the southernmost and
subtropical region of Texas (27°23′25″N, 97°49′33″W).
Average precipitation for this region is approximately 55
cm; however, since 1950 about 2 in every 5 yr have been
marked by drought (Bryant, 2009). A herd consisting of
approximately 50 cows grazed pastures on mostly sandy
loam soils. Most land was leased, with total land area used
for grazing ranging between approximately 135 and 200 ha
in most years. Pastures largely consisted of exotic grasses,
especially bermudagrass (Cynodon dactylon), guineagrass
(Urochloa maxima), and Kleberg bluestem (Bothriochloa
ischaemum), although several native species exist but
were less abundant in terms of pasture composition. In
good years, forage quantity can be as high as 5,000 kg/
ha. Pastures were not chemically treated with fertilizers
or herbicides for weed control, although encroachment of
brush (e.g., Acacia farnesiana and Prosopis glandulosa)
was controlled annually using herbicides via individual
plant treatment.
In terms of pasture management, cattle were regularly
rotated through pastures ranging in size from approximately 2 to 35 ha. Grazing as well as rest periods were
usually between 3 wk and 3 mo, although grazing more
than 50% of available forage was avoided. Stocking rate
was generally about 1 animal unit per 4 ha, but in exceptional years of drought it was as low as 1 animal unit per
6.5 ha. In south Texas, most winters were mild without
hard freezes, with green forage being available, eliminating the need for energy or protein supplements, although
mineral and vitamin supplements were provided. In addition, hay has not been fed since 2001 due to the practice
of stockpiling forage and maintaining low stocking rates.
Additional details on forage management are reported by
Ortega et al. (2013).

Cattle Breeding Management and Breeds Used
One pivotal management objective is to work closely
with nature with calving occurring in mid-spring, mostly
in May. This allowed cows to recoup their body condition by consuming early spring grass before calving, which
emulates behaviors of wild large herbivores such as bison and deer. However, this decision necessitated a 45-d
breeding season from mid-July through August (practiced
since 2008). Historically, these 2 mo tend to have the least
precipitation (between May and October) and the highest temperatures for the region (Nielsen-Gammon, 2011;
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NOAA, 2017). Effects of heat stress negatively affect cattle fertility and embryonic survival in the Gulf Coast region (Hansen, 2013).
To address this and other environmental challenges,
2 tropically adapted, Bos taurus breeds—Senepol and
Tuli—were introduced via AI and as natural service sires
into the original commercial-based herd (e.g., Beefmaster
and Santa Gertrudis crossbreds) between 2003 and 2004,
as well as Red Angus. The Senepol and Tuli breeds were
chosen based, in part, on reports from breeding studies
conducted in the Gulf Coast region that showed favorable
performances relative to other tropically adapted breeds
and crossbreds (Chase et al., 1998; Hammond et al., 1998;
Herring et al., 2005; Holloway et al., 2005; Phillips et al.,
2005).
The Senepol breed was developed on St. Croix Island
in the early 20th century and was developed from a foundation of N’Dama cattle from Senegal, West Africa. Of
relevance to this study, Senepol cattle are red in color
and possess a dominant gene for slick hair coats (PRLR
p.Leu462* mutation on chromosome 20; Littlejohn et al.,
2014). In addition, Senepol display numerous vertical skin
folds, especially in the neck region, which increase body
surface area. Studies conducted in Florida by Hammond
and Olson (1994) and Hammond et al. (1996) demonstrated that Senepol and Brahman purebreds had similar heat
tolerance ability when measured during summer.
The Tuli breed originated from tropical southeast Africa. Tuli cattle possess red, white and dun genes for coat
color. To briefly explain these genes, all Tulis are homozygous for the red gene [presumably MC1R (melanocortin 1
receptor) as found in Red Angus] and of course have red
coats (Lukefahr, 2007). At a separate locus, a dilution or
white gene (pre-melanosomal protein deletion, PMEL) is
found on chromosome 5, involves co-dominant expression,
and based on the gene’s base-pair sequence, appears to be
the same allele as found in Galloway and Highland cattle
(Davis et at., 2017). An animal without a white gene is
red, with 1 white gene is yellow (due to co-dominance),
and with 2 white genes is white. Hence, there is epistatic
interaction between genes at these 2 loci. In contrast to
red and white genes, the dun dilution gene (which appears to be recessive) is not always apparent at birth. Neonates that are yellow typically soon fade to light yellow or
even almost white, seemingly depending on whether they
possess 1 or 2 copies of the dun gene (Lukefahr, 2007).
Schmutz and Dreger (2013) reported on a dun gene in
Highland cattle that has similar semi-dominant expression, although the dun gene found in the Tuli breed has
yet to be mapped and sequenced.
In the present study involving data collected from 2005
through 2015 (n = 183), several sires and dams were heterozygous for coat type and color genes. To illustrate, slick
× slick or slick × hairy matings could produce slick and
hairy calves, and red × yellow matings produce red and
yellow calves, and yellow × yellow matings produce red,
yellow, and white calves. Red and yellow calves could be
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normal or lighter dun shaded. In several cases, some dams
but mostly sires produced calves representing all 4 coatby-color subclasses. Data from cows and calves were separately grouped into 2 color classes: red or light (including
dun, yellow, and white colors). Data were further sorted
into coat type by color of calf-cow cohorts that yielded
the following numbers: 13 slick-light-light (i.e., slick calf,
light calf, light cow), 20 slick-light-red, 13 slick-red-light,
71 slick red-red, 6 hairy-light-light, 7 hairy-light-red, 11
hairy-red-light, and 42 hairy-red-red groups, respectively.
The majority of the 50 dams had slick coats (66%), and 5
dams (10%) had very short hair coats due to some, albeit
remote, Bos indicus ancestry. However, because there was
an insufficient number of hairy dams, coat type classes
of the dam could not be added to the above-described
categories. Nonetheless, the heterogeneous nature of this
population provided opportunities to assess the independent effects of coat type of the calf and color genes of both
the calf and dam from that of breed composition.
Under experimental conditions it has been well demonstrated that lighter colors of coats in cattle reflect more
solar radiation than darker coats (Bonsma, 1949; Finch et
al., 1984). However, there is a paucity of published reports
concerning potentially favorable effects of lighter colors
on breeding cattle under pasture or range conditions. In
published breed evaluation studies it is acknowledged that
coat color is difficult to isolate as a factor and is confounded with the breed effect (Foster et al., 2009).

Breeding Objective and Foundation
of the Composite
The breeding objective is to ultimately form a 3-breed
composite of Senepol, Tuli and Red Angus breeds (the latter being presumed to be more heat tolerant than Black
Angus), called STAR cattle, that would be adaptable and
efficient under south Texas conditions. More specifically,
this objective has focused on the breeding of moderatesized (approximately 450 to 500 kg) and efficient cattle
(cows weaning over 50% of their own BW) that readily
breed in the summer; cows must produce a good calf consistently (weighing over 227 kg), year after year, under
a low-input management system. In addition, although
there has been emphasis on selection for small calves at
birth, there has been no selection pressure on increasing
weaning weights.
Between 2003 and 2004, several purebred Senepol, Red
Angus × Senepol, and Tuli × Red Angus heifers, and cows
were purchased. In 2003 a purebred Senepol bull (a son of
Nocona) and in 2008 a purebred Tuli bull (a son of Honey
Bear) were leased for natural service. Further introductions, via AI, were made involving Red Angus, Senepol,
and Tuli bulls. Initially as founders, several Red Angus
bulls were used by AI that were descendants of Leachman’s Eleanor; later a low-birth-weight Red Angus bull
was purchased in 2012 from Pharo Cattle Company and
used for 3 yr. A founder Senepol bull born in Texas (No-

cona) was a popular AI sire in Australia, South America,
and the United States. More recently, 2 low-birth-weight
Senepol AI bulls: CN 4635 (Blondie) and WC 950K, both
from St. Croix foundation herds, were used. A founder
Tuli bull, Honey Bear, was a first-generation descendent
of a representative sample of animals of the breed (J. E.
Frisch, 2005, CSIRO, Rockhampton, Australia, personal
communication) whose embryos were collected in Zimbabwe and exported to Australia in 1988. From Australia,
Honey Bear was the first live Tuli bull exported to North
America. Founder bulls were used over several years,
mostly to produce more female replacements. For each
year, the number of sires used (AI and natural) ranged
from 1 to 5 bulls. Between 2005 and 2015, there were 6
Red Angus, 6 Senepol, 2 Tuli, and 6 three-breed composite
bulls, representing a total of 20 sires. As previously stated,
several AI founder sires, as well as purebred and composite
bulls used in natural service, were used for multiple years.
The present population remains open to allow for the
infusion of genes from outstanding specimens of these 3
breeds and until the population is adequately large to conserve genetic variability. Although technically the population is a 3-breed cross, in this paper it will be referred to
as a composite because this is the ultimate goal. By 2005
the first 3-breed composite calves were born. For the next
several years, a 3-breed rotational program was implemented to maximize potential heterosis while minimizing
inbreeding. However, in more recent years mostly natural matings of rotationally crossbred bulls to rotationally
crossbred cows were made to form the composite of near
equal breed proportions and to simplify breeding management. Culling decisions mostly involved the selling of open
cows and, during 1 yr of extreme drought, cows that were
too large, made too much milk, or were over 50% Red Angus (being less adapted based on poorer body condition).

Traits Measured and Calf Management
Production traits measured included cow pregnancy and
calf weaning survival rates, total production versus total
feed costs per cow, and profit per cow (calf market value
minus total cow cost) and kilograms in weaned calves per
hectare, as well as stocking rate. Calf BW were recorded at
approximately 6 to 7 mo, and local auction prices were obtained to represent market value. Between 2005 and 2012,
calves were weaned at approximately 6 to 7 mo of age
using the fence-line weaning method. From 2012 through
2015, calves were wintered on dams to 10 mo of age (but
were still weighed at approximately 6 to 7 mo), mostly to
further minimize weaning stress, decrease calf feed and labor costs during winter, and so on. Calves were vaccinated
using 7-way clostridial and 4-way respiratory modified-live
or killed virus (infectious bovine rhinotracheitis, bovine respiratory syncytial virus, bovine viral diarrhea, and parainfluenza-3) vaccines. Breeding animals received the same
vaccinations annually at approximately 2 to 3 mo before
calving; bulls only received the 4-way vaccination.
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Birth weights were preadjusted for age of dam effects,
and weaning weights were preadjusted to a 205-d basis,
as well as for age of dam effects using additive values as
recommended by the Red Angus Association of America
(RAAA, 2013). Furthermore, weaning weights were preadjusted to a steer basis using multipliers of 1.15, 1.0, and
0.95 for heifers, steers, and bulls, respectively (BIF, 2010).

Statistical Analyses
For production traits, line plots using linear regression
procedures were conducted and tested using the Student’s
t-test to assess trends from 2005 to 2015. For the analysis
of weaning weight involving the coat type and color objective, data were sorted from records that included calves
produced by sires, dams, or both with ancestry from Red
Angus, Senepol, Tuli, or a combination of any of the 3.
Some calves and dams had earlier ancestry from other
breeds represented in the original herd. Criteria used in
data editing for subsequent analyses were that sires had
to be either purebred Red Angus, Senepol, and Tuli or a
composite of all 3 breeds. Dams had to inherit genes from
at least 1 of these 3 breeds. Furthermore, either the sire or
dam of each calf had to have Senepol ancestry and be slick
coated. These criteria resulted in the elimination of 286
records. The final data set consisted of records from 183
calves from 20 sires and 50 dams. Means (ranges) for breed
proportions for calves were 0.339 (0 to 0.813) for Red Angus, 0.305 (0 to 0.750) for Senepol, 0.277 (0 to 0.750) for
Tuli, and 0.079 (0 to 0.375) for other breeds, and for dams
were 0.311 (0 to 0.688) for Red Angus, 0.352 (0 to 1.0) for
Senepol, 0.191 (0 to 0.563) for Tuli, and 0.144 (0 to 0.50)
for other breeds. Means (ranges) for direct and maternal
heterozygosity proportions for calves and dams were 0.780
(0.375 to 1.0) and 0.891 (0 to 1.0), respectively.
The statistical model for weaning weight records included the random effect of animals and fixed effects of yearpasture (contemporary groups; n = 14), the combined
slick by coat color of calf by dam subclasses (to test for 2and 3-way interactions between coat type of calf and color
of calf and dam via linear contrasts), a linear covariate
associated with direct heterozygosity level of the calf, and
random error. Data were subjected to mixed-model procedures employing MTDFREML (Boldman et al., 1993).
This full animal model included additive genetic relationships for all calves, their parents, and other relatives with
records born since 2005. In addition, several collateral relatives of each breed(s) were added to the pedigree file to
add additional relationships to deepen genetic ties among
related purebred sires and their crossbred progeny (including those used subsequently as sires and dams) across
years to augment the mixed-model equations for a total
of 235 animals involved in subsequent analyses. Further,
several purebred and 3-breed composite sires were halfsiblings and sire-sons, which likewise strengthened genetic
ties across years of the study.
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The rationale for using a full animal model that accounted for genetic relationships was an attempt to separate genetic effects of coat type and color genes from total additive genetic effects (breeding value) of animals, breeds, or
both for weaning weight. This approach was a critical aspect of the experimental design in minimizing confounding
between these genetic factors as well as the year-location
(contemporary groups) environmental source, bearing in
mind that the slick gene originated from Senepol base animals, whereas light color genes originated predominantly
from Tuli base animals. In running the analysis, a heritability of 0.37 for weaning weight was first estimated using
an iterative procedure of MTDFREML, which was needed
to obtain solutions for all mixed-model equations. (It was
not an experimental objective to estimate heritability.)
It was assumed that additive genetic variances were the
same for all breeds, as well as the extent of the nonadditive genetic effect of direct heterosis involving all breed
combinations on weaning weight performance.
To address the next objective of estimating crossbreeding parameters (e.g., direct and maternal breed additive
and direct and maternal heterosis) for preweaning traits
(birth and weaning weights and preweaning gains), a subset of the aforementioned data set (including 2016 data)
involved animals (n = 116) that were entirely of Red
Angus, Senepol, and Tuli ancestry. The model consisted
of the random effect of animals (including genetic relationships), the fixed effects of contemporary group (yearpasture), and linear covariates associated with the breed
additive composition of the calf and dam and direct and
maternal heterozygosity level of the calf and dam, and
random residual error. Direct heterozygosity level of the
calf and dam were calculated as one minus the sum of
the products of the respective breed proportions shared
between the calf’s or dam’s sire and dam (Bourdon, 2000).
Regression of growth trait values on heterozygosity levels
of calves or dams was performed to compute direct and
maternal heterosis in the same model. It was assumed that
a linear relationship exists between levels of heterozygosity
and heterosis.
In running the analysis for preweaning traits, an iterative procedure of MTDFREML was first conducted to obtain heritabilities for birth weight (0.32 ± 0.17), weaning
weight (0.37 ± 0.18), and preweaning gains (0.35 ± 0.19),
which in turn were applied to obtain solutions for mixedmodel equations. The present heritability value for birth
weight of 0.32 is lower than the value of 0.43, whereas the
heritability value for weaning weight of 0.37 is similar to
the value of 0.36 (averaged by sex of calf) that are used by
International Genetic Solutions in multibreed genetic evaluations of cattle less than 50% Simmental (including Red
Angus) (Lauren Hyde, 2017, lead geneticist, International
Genetic Solutions, Bozeman, MT, personal communication). For this analysis, it was again assumed that additive
genetic variances were the same for all 3 breeds for each

608

Lukefahr

trait, as well as the extent of the nonadditive genetic effect
of heterosis involving different breed combinations.
To solve linear equations for covariates involving breed
additive effects, it was first necessary to determine the
breed composition for all calves and dams (calculated as
proportions from pedigree data). However, because the
breed additive composition of a calf or dam summed to
one, an analysis involving covariates for all 3 breeds would
result in a singular matrix without solutions. Therefore,
a restriction was imposed whereby for each calf or dam
the additive breed proportion of Senepol and Tuli was expressed as a deviation from the proportion of Red Angus
(serving as the control breed). Equations for Red Angus
proportions were then excluded from the analyses. Solutions for both Senepol and Tuli breeds as partial regression coefficients (direct or maternal breed additive) were
then summed to provide estimates for Red Angus. Leastsquares means for each breed were calculated by adding
to the overall mean the sum of both direct and maternal
breed additive genetic solutions. Percentage direct heterosis was calculated by taking the heterosis estimate, divided by the combined least squares means of the 3 breeds,
times 100.
However, the MTDFREML program does not provide
SEM for fixed effects (including heterosis estimates), although SE of the mean difference can be computed using
linear contrasts. From 3 separate analyses, the Senepol
and Tuli breed proportions of the calf and dam were deviated from Red Angus in the first analysis, then the Red
Angus and Tuli breed proportions from Senepol in the second analysis, and next the Red Angus and Senepol breed
proportions from Tuli in the last analysis. To obtain SE of
the difference, contrasts for the direct and maternal breed
additive coefficients were fitted between the 2 breeds in
the model. The SE were then averaged across all 3 analyses for each breed additive coefficient for each trait to
provide pooled SE of the difference values.
As previously stated, the ranch practices summer breeding mid-July through August. Between 2008 and 2016
there was a rather consistent observed pattern of the birth
of more bull than heifer calves. This trend was first noted
between 2008 and 2010, but it was decided that more years
of data would be needed to test the hypothesis of equal
sex ratio. For the sex ratio analysis, records of all calves
born between 2008 and 2016 that resulted from summer
matings were used (n = 252). A supplemental data set
involved 4 yr when a fall calving herd (n = 34 calves) was
also managed, which was used to compare sex of calf results to those from summer breeding. The hypothesis was
tested that higher temperatures—favoring the fertilization
of eggs by Y-bearing sperm cells—altered sex frequencies
from the a priori probability of 0.5. However, it was appropriate to first test whether or not sex ratio was consistent across years, which was conducted using Chi-square
procedures (SAS Institute Inc., Cary, NC). If this analysis
yielded nonsignificant results, then it would be appropriate to directly test the hypothesis of a 1:1 sex ratio.

RESULTS AND DISCUSSION
Production Trait Trends
Presented in Figures 1 and 2 are trend plots for production traits that project costs and profits. These plots
largely reflect the joint effects of genetic (performance,
adaptability, or both) of the composite population and
environmental management for a low-input production
system, and in some cases market prices. For basis of comparison, common benchmark values can be used for mean
weaning weight of 227 kg (500 pounds), stocking rates of
4.05 or 8.09 ha (10 or 20 acres) per cow, and annual profit
of $100 per cow. Although not included as figures, from
2005 through 2015 mean pregnancy and weaning rates
were 97.0 and 99.3% (range of 89.7 to 100% and 93.8 to
100%, respectively). Of relevance, the majority of matings
were by natural service. In addition, assistance needed
at calving was negligible for all years. For both fertility
and survival, the mode was 100% with no apparent trend
across years.
For total annual direct costs per cow, the linear regression coefficient (−4.58 ± 5.5 $/cow) was not significant
because it was highly variable, being largely driven by feed
and temporary lease costs in years of drought (Figure 1).
Total cow production costs averaged $352 across all years
and was at $276 by 2015. However, 2005 and 2015 were
not drought years, and the reduction in total production
costs was −$180 per cow. This difference was mostly due
to reduced feed costs (at a linear rate of −9.40 ± 4.3 $/yr;
P < 0.10), which was largely achieved, in part, by more
appropriate pasture management (e.g., adjusting stocking
rates and stockpiling forage). In more recent years, only
a limited amount of cottonseed cubes was fed (cost of
$0.57/kg in 2015), mostly to call up cattle. The relatively
high feed cost of $185 in 2009 occurred during an extreme
drought year when whole cottonseed was fed to breeding
animals for several months.
For annual profit per cow, the linear trend (65.1 ± 18.0
$/cow; P < 0.01) shows an increase in profits over year.
However, market prices were unusually high between 2013
and 2015. By replotting the linear function between 2005
and 2012, it was evident that profits were still achieved
at an increasing rate (24.6 ± 15.7 $/cow; P < 0.05). Because market prices consistently increased over the same
time period, prices were averaged over 5 yr before 2013
and applied to 205-d adjusted weaning weights to redetermine market value. Results revealed that a linear trend
no longer existed for profit per cow (−1.37 ± 6.10; P >
0.05), even though a profit was actually made every year.
In 2016 it was projected by the USDA (2016) that total
cash costs would average about $851 per cow and that calf
returns would be only $86 per cow. Producers would need
to better manage their production costs.
After coping with years of drought, management gradually adopted more conservative stocking rates (0.429 ±
0.10 ha/animal unit; P < 0.001), which was approximately
5 ha/animal unit by 2015 (Figure 2). (The typical lease
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cost was $44.48/ha per year.) As expected, this decision
reduced BW in weaned calves yielded per hectare (−9.05
± 1.92 kg/ha; P < 0.01). Further, between 2005 and 2015,
mean 205-d adjusted weaning weights decreased (−5.51
± 2.26 kg/yr; P < 0.10) from 283 to 260 kg, possibly in
response to breeding management placing continued selective emphasis on sires with low birth weight EPD and animals with moderate mature BW. During the same period,
mean BW of cull cows in good body condition was 525 ±
22 kg. Despite negative effects of drought, reductions of
herd stocking rates and decreased calf weaning weights,

Figure 1. Simple linear regression functions for total-production
and total-feed costs and profit per cow ($) from 2005 to 2015.
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profit per hectare was maintained across years (0.909 ±
0.60 $/ha; P > 0.05). However, replotting the linear function from 2005 through 2012 (ignoring the unusually high
market prices between 2013 and 2015) yielded results of
0.674 ± 0.66 $/ha (P > 0.05).

Effects of Coat Type and Color of Calf and Dam
on Weaning Weight Performance
Analyses revealed that significant 3-way interaction existed between type and color of coats of calves and dams

Figure 2. Simple linear regression functions for stocking rate
(au = animal unit) and total kilograms weaned and profit ($) per
hectare from 2005 to 2015.
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on weaning weight, which was quantified through use of
linear contrast comparisons. In other words, the effect of
the slick gene depended on the color of the calf-dam cohort
or vice versa. Therefore, it was not appropriate to either
perform tests for or make general conclusions about the
effects of slick and color genes on weaning weight performance. Instead, linear contrast comparisons of coat type
by color subclass means were conducted. The nature of the
interaction is illustrated in Figure 3, where it is illustrated
that slick compared with hairy calves tended to be heavier
when either or both the calf or dam was red in color.
For the light calf–light cow cohort, slick compared with
hairy calves had similar mean weaning weight values (difference of only 0.31 ± 12.5 kg; P > 0.05). A plausible
explanation is that a light calf, whether slick or hairy,
remained longer with its yellow dam during daytime grazing, rather than preferring shade. (To reiterate, most cows
in the study were slick and presumably were heat tolerant.) However, the sample was small (n = 13 slick and 6
hairy calves), so this result is questionable. Further research is warranted to test this proposed hypothesis that
would require the taking of grazing time measurements.
For the other cohorts where either or both the calf or
cow was red, the linear contrast mean difference of 14.3
± 5.2 kg (P < 0.05) was observed between slick and hairy
calves. Specifically, mean differences involving linear contrasts of slick versus hairy calves for light calf–red cow,
red calf–light cow, and red calf–red cow cohorts were as
follows: 13.5 ± 10.4 (P > 0.05; n = 20 and 7), 17.3 ± 10.5
(P > 0.05; n = 13 and 10), and 12.1 ± 4.8 kg (P < 0.01;
n = 71 and 43), respectively. It is hypothesized that hairy
calves of these 3 cohorts preferred shade over prolonged
daytime grazing due to a lower physiological threshold for
heat tolerance, which subsequently affected preweaning
growth; this hypothesis also needs to be formally tested
However, for slick calves numerically similar weaning
weights were observed between light calf–light cow and
the red calf–red cow cohorts (280.3 and 283.2 kg), suggesting that hair coat type may be more important than
color. Finch et al. (1984) documented that so long as the
hair coat is short enough for more reflection (as opposed
to absorption) of solar radiation to occur, the animal may
exhibit some level of heat tolerance. By combining cohort
least-squares means, slick coated–red colored calves were
14.8 ± 5.7 kg (P < 0.05) heavier than hairy-red calves.
In contrast, slick and light colored calves appeared to be
less favorably affected, showing a smaller difference of 6.9
± 8.1 kg (P > 0.05) compared with hairy coated–light
colored calves. These comparisons suggest that these color
genes may still impart an effect, albeit minor, relative to
the slick gene, in terms of heat tolerance.
Under summer conditions in subtropical Florida, Olson
et al. (2003) demonstrated that slick versus hairy Senepol
crossbred calves had significantly lower rectal temperatures and respiration rates, although the difference between these groups on weaning weights was not significant

and was confounded by other genetic factors. In the same
region, Hammond and Olson (1994) reported negative
correlations between rectal temperature and total grazing
time across Angus, Brahman, Hereford, and Senepol breed
types. However, Littlejohn et al. (2014) reported the heat
tolerance ability extended beyond the mere role of a short
hair coat. It was demonstrated that although no differences were observed in sweat gland histology between slick
and control animals, a role between circulating prolactin
and increased sweating rates was implicated.
In a grazing experiment from Australia involving Brahman Hereford-Shorthorn crossbred steers, Finch et al.
(1984) reported that lighter-colored animals spent more
time in open sunlight and grazing than darker-colored
steers, presumably due to higher heat loads for which
darker animals could not counterbalance physiologically.
In contrast, in a South African study, Peters et al. (1982)
reported no benefits of coat color (ranging from light gray
to black) in terms of weaning weight of Afrikander crossbred calves. In one feedlot study involving Bos taurus
crossbred steers, Mader et al. (2002) observed that darker
compared with lighter colored steers expressed more excessive panting and bunching behaviors and had higher tympanic temperatures. However, breed types and pedigrees
of the cattle were unknown, so these results for coat color
may have been confounded with other genetic factors. An
ideal experiment would involve numerous sires that are
heterozygous for slick and color genes that are randomly

Figure 3. Line plots of least-squares means for weaning weight
(205-d adjusted; kg) for hairy and slick coated calves by calfdam body coat color cohort (Light = light dun, yellow, or white).
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mated to heterozygous, or more preferably homozygous
recessive cows, and whose progeny as calves and as mature
breeding animals are measured for many relevant traits.

Estimates of Crossbreeding Parameters
on Preweaning Growth
It must first be clearly stated that estimates of crossbreeding parameters were used primarily to genetically
characterize the composite population, and to a lesser extent to statistically evaluate breeds. The composite was
formed to represent particular lines and even specific animals within each breed. Further, crossbreeding parameters
portray the genetic architecture of the composite breed
population in terms of the independent quantitative effects of genes (breeding value) and retained heterosis for
the traits examined. In 2016, the mean breed proportions
of calves were 34.8% Red Angus, 24.3% Senepol, 36.6%
Tuli, and 4.2% other. In addition, the mean inbreeding coefficient for calves born in 2016 was 5.3 ± 0.68% (range of
0.40 to 14.6%). In Figure 4, photos are presented of a Star
composite cow and a yearling bull from the 2016 calf crop.
Estimates of crossbreeding parameters for preweaning
growth traits are presented in Table 1. For birth weight,
Tuli showed the largest negative direct breed additive value of −3.71 kg compared with the 5.00-kg value of Senepol, which approached significance (P < 0.10). Consistent
with present results, Herring et al. (2005) reported from
2 research station locations (Brooksville, FL, and Uvalde,
TX) a combined contrast estimate for mean birth weight
of Tuli- versus Senepol-sired calves of −2.5 kg, which estimates one-half the direct breed additive value or betweenbreed EPD. For the maternal breed additive effect, Senepol differed (P < 0.05) from Tuli (−2.66 vs. 2.92 kg),
and Red Angus was intermediate. Interestingly, Senepol
had a positive direct breed additive value and a negative
maternal breed additive value, whereas Tuli showed the
opposite pattern. Red Angus was intermediate for both
parameter estimates with values being negative. Chase et
al. (2004) reported lighter birth weights of Angus-sired
calves of 28.5 versus 32.1 kg from immature F1 cows sired
by Tuli compared with Senepol, and lighter birth weights
of Charolais-sired calves of 35.9 and 38.4 kg from mature (3- to 8-yr-old) F1 cows sired by Tuli compared with
Senepol. Holloway et al. (2005) likewise reported lighter
birth weights in Hereford-sired calves of 33.2 versus 35.9
kg from immature F1 cows sired by Tuli compared with
Senepol. However, in these cited studies, the mean difference between F1 dams reflects a joint contribution of both
direct and maternal breed additive effects.
Direct and maternal heterosis values for birth weight
were small (3.1 and 1.6%). In agreement, Chase et al.
(1998) reported 3.5% direct heterosis for birth weight in F1
Senepol × Hereford crossbred calves in subtropical Florida. These values are consistent with the general estimate
of 2.4% direct heterosis from literature reports for Bos
taurus crossbred calves and 1.8% for Bos taurus crossbred
dams as reviewed by Weaber (2015).

Figure 4. Composite cow and yearling bull of Red Angus,
Senepol, and Tuli breeding, exemplifying slick and light-colored
coats while bearing many other genes for tropical adaptation.
Color version available online.

For weaning weight and preweaning gains, statistical
differences for crossbreeding parameters were never significant (Table 1). Results for preweaning gains closely
paralleled those of weaning weight with respect to breed
rank, sign of direct and maternal breed additive values, or
both. The overall weaning weight mean of 261.4 kg for the
composite population is well above the benchmark value
of 227 kg for low-input systems involving moderate-sized
and typically purebred cows. It would appear that Tuli
had the most favorable influence toward genes for growth
(direct breed additive value of 11.4 kg), followed by Red
Angus (value of 4.3 kg), whereas Senepol imparted a negative contribution (value of −15.7 kg). In contrast, between
2 breeding experiments, Herring et al. (2005) reported a
−2.1-kg difference in mean weaning weight of Tuli- versus
Senepol-sired calves, which varies from one-half the difference (EPD) between Tuli and Senepol of 13.8 kg in the
present study. An explanation for this dissimilarity is that
founder animals during the initial formation of the composite population were not sampled randomly from their
respective breeds.
For Red Angus and Senepol breeds, the sign for maternal breed additive effects was opposite that of the direct
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breed additive effects, while Tuli had positive values for
both parameters. Senepol had the higher and positive maternal breed additive value of 11.6 kg, which was similar to
the direct breed additive value of Tuli. Chase et al. (1998)
also reported a higher maternal breed additive value for
Senepol compared with Herefords, indicating greater
milking ability. Chase et al. (2004) and Holloway et al.
(2005) reported no statistical differences in mean weaning
weights in calves reared by mature F1 cows sired by Tuli
compared with Senepol; however, as previously stated it is
not possible to discern between the joint contributions of
direct from the maternal breed additive effects from their
estimates.
Direct heterosis for both weaning weight and preweaning
gains were large, being 32.7 kg (12.5%) and 0.074 kg/d
(6.7%), respectively. The 32.7-kg direct heterosis figure for
weaning weight is closer to values reported from Louisiana
(Franke et al., 2005) of 35.6 kg for Bos taurus by Bos indicus crossbreds compared with general literature values
of 7.4 kg for Bos taurus crossbreds (Weaber, 2015). In addition, maternal heterosis was estimated at 3.7 kg (1.4%),
being much smaller than the estimate for direct heterosis.
This value is within the range of 1.5 kg for Bos taurus by
Bos indicus crossbred dams (Franke et al., 2005) and 8.2
kg for Bos taurus crossbred dams (Weaber, 2015).

In a supplemental analysis, direct heritabilities for birth
and weaning weights of 0.43 and 0.36 and maternal heritability for weaning weight of 0.19 [used by International
Genetic Solutions in multibreed genetic evaluations of
cattle less 50% Simmental (including Red Angus); Lauren
Hyde, 2017, lead geneticist, International Genetic Solutions, Bozeman, MT, personal communication] were used
to re-estimate crossbreeding parameters. For birth weight,
parameter solutions were very similar between the 2 analyses. For weaning weight, there were no changes in breed
rank, the estimates for direct heterosis were similar (32.0
vs. 32.7 kg), but the estimates for maternal heterosis differed (8.9 vs. 3.7 kg).

Sex Ratio Analyses
Space does not permit a show of figures for weather
statistics for each year, so these were averaged across the
9 yr of the study period during the mid-July through August breeding season as presented in Table 2. In general,
these figures depict well the tropical-like conditions during breeding. In 5 of the 9 yr of the study period from
mid-July through August there was an increasing trend
(P < 0.05) for maximum daily temperatures (a significant
decreasing trend occurred in only 1 yr) and a decreasing trend (P < 0.05) for 10-s maximum wind gusts (a

Table 1. Least-squares breed means and direct and maternal breed additive and heterosis effects that genetically characterize
the composite-bred population for birth and weaning weights and preweaning gains from MTDFREML1,2
Foundation breed
Item
Birth wt mean, kg
Direct breed
Maternal breed
Direct heterosis
Maternal heterosis
Weaning wt mean, kg
Direct breed
Maternal breed
Total maternal (1/2 direct + maternal)
Direct heterosis
Maternal heterosis
Preweaning ADG mean, kg/d
Direct breed
Maternal breed
Direct heterosis

Overall3
35.5
1.09 (3.1)
0.56 (1.6)
261.4

32.7 (12.5)
3.7 (1.4)
1.10
0.074 (6.7)

Red Angus
33.9
−1.29
−0.26ab
251.5
4.3
−14.2
−12.1
1.133
0.051
−0.020

Senepol
37.8
5.00
−2.66b
257.3
−15.7
11.6
3.7
1.017
−0.141
0.056

Tuli
34.7
−3.71
2.92a
275.5
11.4
2.7
8.4
1.158
0.091
−0.035

Pooled SED
4.14
2.59

32.1
19.9

0.17
0.08

Partial direct or maternal breed regression coefficients bearing different superscripts within rows differ (P < 0.05).
MTDFREML employed a full animal model to account for genetic relationships; however, the program does not provide
SEM for fixed effects (including heterosis estimates), although SE of the difference (SED) can be obtained from use of linear
contrasts. The above SED are the average of the SED obtained by making all pair-wise breed contrast comparisons from 3
separate analyses. Refer to the text for further details.
2
An estimate of maternal heterosis for preweaning gains could not be obtained.
3
Values in parentheses are percentages.
a,b
1
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Table 2. Annual weather statistics during breeding season (mid-July through August)1
Year

Maximum
temperature, °C

Avg. temperature,
°C

Maximum
humidity, %

Avg. humidity,
%

Wind,2
km/h

2007
2008
2009
2010
2011
2012
2013
2014
2015

36.1
36.7
40.0
41.1
42.8
41.7
41.7
38.9
38.9

28.0
28.4
30.5
30.7
30.5
30.4
30.1
30.4
29.9

100
100
97
94
100
100
100
100
100

81.7
77.5
67.1
71.1
72.7
68.6
74.2
75.6
78.9

10.0
13.8
16.6
9.8
15.9
14.6
13.2
15.3
13.4

1
2

Source: https://www.wunderground.com/.
Value is the mean of daily sustained 10-s maximum wind gust records for the breeding season.

significant increasing trend occurred in only 2 yr), and in
5 of the 9 yr there was a decreasing trend (P < 0.05) for
maximum humidity levels (a significant increasing trend
occurred in only 1 yr).
Chi-square analyses revealed that sex ratio was consistent (P = 0.917) across years (2008 through 2016).
Therefore, because the effects of year and sex could be
considered to be independent, the next hypothesis test
conducted involved the observed frequency of bull calves
(0.595 ± 0.031) compared with the a priori probability of
P = 0.5, involving a one-sided test employing Chi-square
(corrected for continuity). Observed numbers of bull and
heifer calves born from 2008 to 2016 are shown in Table
3. Results yielded a Chi-square value of 8.766 (P < 0.01),
which provides evidence that proportionately more bull
than heifer calves were born than expected. Although
these results show that there were almost 50% more bull
than heifer calves born, caution is warranted considering
the lower bounds of the 95% confidence limits of the estimated population proportion of bull calves: 0.533 and
0.658. Of course, the causative mechanism needs to be
elucidated, requiring further research.
To address the possibility that the distortion of sex ratio
was not genetic but rather triggered by some environmental phenomenon, a supplemental analysis was performed
involving sex records of fall-born calves (n = 34) when a
small fall calving herd of related animals was maintained
over 4 yr during the same study period. Because of the
small sample size in individual years, data were collapsed
into sex classes. Chi-square results revealed interaction (P
= 0.0057) between season of breeding (winter vs. summer)
and sex class. From a separate analysis, the proportion of
bull versus heifer calves from winter matings supported
the hypothesis of an equal sex ratio. Overall, these results
suggest that season rather than genetics was the basis for
the disproportionate sex ratio.
It is well documented that in some species of birds and
reptiles that a sex-reversal phenomenon occurs wherein at

hot temperatures more male offspring are produced, whereas more female offspring are produced at temperatures less
than 30°C. An excellent review paper on this subject in
reptiles was reported by Sarre et al. (2004) in which genetic- and temperature-sex determining mechanisms were
examined. However, mammals are able to regulate body
temperatures via homeostatic measures, including during pregnancy. Another temperature-driven mechanism is
that embryonic development in females is accelerated due
to higher temperatures that activate critical genes, which
turns them into males as reported by Whitfield (2003).
Such animals would be genetic females because they do
not possess a Y-chromosome, which would be easy to confirm from a cytological analysis. To date, no known case of
this event occurring in bovine has been reported.
In addition, the timing of AI in the bovine as related
to ovulation, and relative to the physiological capacity or
lifespan of Y and X sperm cells, has also been thought to

Table 3. Distribution of bull and heifer calves by birth year
and test of significance1
Year

No. of bulls

%

No. of heifers

%

2008
2009
2010
2011
2012
2013
2014
2015
2016
Total

12
12
11
21
22
17
13
22
20
150

63.2
60.0
68.8
58.3
55.0
56.7
50.0
68.8
60.6
59.5

7
8
5
15
18
13
13
10
13
102

36.8
40.0
31.3
41.7
45.0
43.3
50.0
31.3
39.4
40.5

Chi-square test of a 1:1 sex ratio (pooled across years)
yielded a value of 8.766 (P = 0.0015).

1
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influence sex outcome. However, results of such studies
have not been conclusive (Rorie et al., 1999). Zobel et
al. (2011) demonstrated that the site of semen deposition
involving AI of dairy cows did affect sex ratio; 23% more
bull calves resulted from AI into the uterine body as opposed to deep into the uterine horns. In the present study,
only 12 AI were performed (all into the uterine body) over
3 yr that resulted in 7 bull and 5 heifer calves. Therefore,
data from AI had little effect on the general sex ratio analysis. Eliminating records from AI changed, albeit slightly,
the proportion of bull calves from 0.595 to 0.594 for natural matings. These results infer that the disproportionate
sex ratio involved the outcome of natural matings.
One longstanding and seemingly more plausible theory
is that lighter Y-chromosome-bearing sperm cells swim
faster than X-chromosome-bearing sperm cells; however,
the present consensus is that this theory is a myth according to the recent application of computer assisted sperm
analysis (Grant, 2006), although differences in motility
have been reported (Penfold et al., 1998). Nevertheless,
the author is not aware of any reports that compare fertilizing ability of Y and X spermatozoa at higher temperatures, at least not involving bovine. Possibly an alternate
mechanism exists in which Y versus X spermatozoa are
more active at higher temperatures with respect to fertilization ability, ultimately resulting in more bull calves at
birth. Of course, further research investigations are needed
to test this proposed hypothesis. Across years at least 90%
of cows conceived during their first estrous cycle, so it is
unlikely that the distortion in sex ratio was due to differences in survival between male and female embryos.

IMPLICATIONS
This investigation genetically characterized a novel
3-breed composite population of Red Angus, Senepol, and
Tuli that consists of African-derived genetics used for heat
tolerance and adaptation to drought, which addresses the
challenge of global climate change. Examination of trend
line plots for production traits (e.g., fertility and survival,
and cow and land efficiency) can be applied by producers to assess aspects of adaptation, especially over years
of drought. Advantages of the slick coat gene on weaning
weight performance may depend, in part, on coat color;
further research is warranted. Judiciously choosing crossbreeding parameter values can assist producers in selecting breeds and utilizing heterosis to optimize performance.
Summer breeding appeared to have produced more males.
This phenomenon could potentially benefit producers,
both seedstock and commercial, because bulls and steers
compared with heifers have higher economic value. This
information can guide beef producers in designing effective breeding programs, especially in the context of global
climate change.
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ABSTRACT

INTRODUCTION

Research on bedding material for dairy farmers typically
focuses on microbial growth and associations with SCC.
With few exceptions, information on cost or why farmers
select specific bedding materials is absent from the literature. This survey study of conventional and organic dairy
farmers from the 6-state New England region addresses
these gaps, by exploring the relationship between bedding
material cost and producer-reported SCC with bedding
selection, housing type, farm scale, and management system. Survey analysis of 129 New England dairy farmers
showed that the primary bedding materials used by respondents from conventional farms were sawdust, sand,
and wood shavings, whereas organic farmers predominantly used sawdust, hay, and sand. From 2003 to 2013 the real
cost of bedding material for survey respondents increased
by 70% for conventional dairy farmers ($85 to $184/cow
per year) and 71% for organic dairy farmers ($67 to $145/
cow per year). Of the various bedding materials used by
respondents, the cost of wood shavings was more costly
than other bedding materials for both conventional and
organic dairy farmers. Respondents using freestalls had
lower bedding material costs than other housing types, especially those using bedded packs, which had the highest
material costs for both management systems. For conventional and organic farms, bedding cost decreased as herd
size increased. When analyzing producer-reported SCC,
no trends were apparent with housing type, herd size, or
management system. However, respondents using sawdust
reported elevated SCC when compared with producers using other bedding materials.

One of the crucial factors in maintaining a healthy dairy
herd is having sanitary animal bedding. This is because
of the frequency and duration of contact between the cow
and bedding material. Dairy cows will often lie down 8
to 16 h/d if given the opportunity (Tucker et al., 2009).
Importantly, extended time spent standing or lying down
on unsanitary bedding increases the risk of environmental
mastitis (Hogan et al., 1989). With bedding being one of
the primary sources of exposure to environmental mastitis
pathogens (Ruegg, 2006), the management of this material is important in maintaining herd health and the economic vitality of the farm.
In the highly forested region of New England, bedding
from mill waste (sawdust and planer shavings) has historically been the most common and inexpensive product.
However, there has been a continual decrease in the number of mills operating regionally over the last few decades.
This problem accelerated in 2005, due to the collapse in
the new home construction market, and went further in
2007 to 2009, due to the recession (Woodall et al., 2012).
Increased mill efficiency and modernization also reduced
the amount of mill by-product available for bedding. The
combination of these supply disruptions has increased regional bedding costs, forcing dairy farmers to pay more
or find alternative bedding materials. Consequently, this
survey study was developed to determine what the current state of bedding usage and cost are across the 6 New
England states. The objectives of this study are to assess
the following: (1) what bedding materials are New England dairy farmers using, and why; (2) what percentage
of dairy farmers experienced increased bedding costs over
the last decade, and how were those costs managed; (3)
what is the current annual bedding material cost per cow;
(4) does bedding material, housing system, farm scale, or
management system relate to producer-reported SCC or
bedding cost; and (5) is there interest in the on-farm production of animal bedding using a wood shaving machine
as a potential cost-saving and revenue-generating alternative.

Key words: animal bedding cost, somatic cell count,
bedding material, housing type, management system
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MATERIALS AND METHODS
Survey Tool and Questions
The survey tool used for this study was a mailed questionnaire, followed by an online version sent via email
to those not responding to the paper mailing (the survey appears in the Supplemental Material; https://doi.
org/10.15232/pas.2016-01601). The questionnaire was developed over a 6-mo period, with assistance from experts
in the field of dairy and natural resource management. Research questions and the cover letter for the questionnaire
were pretested using a focus group of university dairy farm
managers and researchers. Cognitive interviewing was
used during the focus group, to understand how individuals were interpreting each question and whether the group
was interpreting questions consistently. This same group
was also asked to validate the content of the questionnaire
as a whole, to ensure it accurately addressed the specific
research questions being asked. The focus group was also
asked to carefully analyze the content of the cover letter,
which described the aim of the study, who was conducting
it, how the information would be used, the respondent’s
rights as a human subject, assurance of their confidentiality, and informed consent (right to participate or not).
Upon completion, the questionnaire was provided to the
University of New Hampshire Institutional Review Board
for the Protection of Human Subjects in Research (IRB),
which approved the study under IRB exempt status. Following IRB approval, the refined questionnaire was pilot
tested by a small sample of the target population (3 organic farmers and 2 conventional farmers) to determine
the ease, quality, and time requirement of the questionnaire. This process led to the omission of 2 questions for
a final questionnaire of 28 questions. The online version
of the questionnaire was also pilot tested by 3 members of
the research team to ensure all links worked and the visual
presentation made sense.
For reference, the survey question regarding SCC asked
dairy farmers to report the herd average SCC over the
past year, whether those values were from DHIA or from
the milk plant. These producer-reported SCC values were
not cross-referenced with DHIA or milk plant records.
However, Wenz et al. (2007) conducted a questionnaire
with producer-reported SCC, where a subset of the population was cross-referenced, and found that most producers across the 21 surveyed states did not underestimate
SCC and that the producer-reported SCC was an accurate
representation.

Sample Size and Selection
The target population for this study was conventional
and organic dairy farm managers with active operations in
the New England region. The initial goal was to obtain addresses for the entire population of regional dairy farmers
(2,207 conventional and 250 organic; USDA, 2012, 2014).
However, addresses for the entire population of conven-
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tional or organic dairy farmers were not publicly available.
As such, an exploratory or case study approach was used,
with purposive nonrandom sampling to develop the survey
sample.
Addresses for conventional dairy farmers (both physical and email) used to develop the sample were obtained
through state and national online directories. The primary
directories used to obtain addresses were the New England
States Holstein Association (Wells River, VT), American
Jersey Cattle Association (Reynoldsburg, OH), US Ayrshire Breeders’ Association (Columbus, OH), and the
American Guernsey Association (Columbus, OH). Participants for dairy farms using organic management were
obtained from Organic Valley (La Farge, WI) and Moo
Milk (Augusta, ME), who mailed questionnaires to their
constituents on behalf of the research team, to maintain
the privacy of their constituents.

Questionnaire Mailings
Questionnaires were sent by first class mail on March 17,
2014, to 395 conventional dairy farmers (18% of the regional population) and 212 organic dairy farmers (85% of
the regional population). A deliberate, late-winter mailing
was selected to increase the response rate, because spring,
summer, and fall are typically busier times of the year for
dairy farmers. On May 9, 2014, the online version of the
questionnaire was sent to dairy farm managers who did
not respond to the mailed questionnaire. Farm managers
were contacted by email with a link to the questionnaire,
which was developed in SurveyMonkey (San Mateo, CA).
One week following the first email, a reminder email was
sent with a link to the questionnaire to those who had not
responded to the first request. Only 35 dairy farmers were
contacted using the online questionnaire, due to a lack of
publicly available email addresses.
It is important to note that surveys were sent to all
the dairy farmers compiled in our database. This was a
deliberate decision and was based on reducing the issue
of having a low response rate within the various study
subgroups. More specifically, it was hypothesized that
there would be a wide variation in responses based on
the combination of management system, bedding material selection, housing type, and farm scale. With such a
wide range of possible combinations across farms, it was
decided that using all the contacts would reduce the risk
of having small samples sizes within groups, which would
mask potential trends. Furthermore, because analyses
were descriptive and split by management system, there
was not a concern regarding sending a greater proportion
of the organic dairy industry questionnaires than those
using conventional management.

Data Analysis
Raw data from both the mailed and online questionnaires were compiled in Microsoft Excel. Data were entered by one member of the research team, with every
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entry being verified by a second member to remove any
type of response error. Missing data from questionnaires
were dealt with on an individual question basis, where
that particular respondents’ results for that one question
were omitted from data analysis.
Data regarding dairy farmers’ top 5 farming expenses
were analyzed using a scoring system, to give weight to
the number of responses by rank corresponding to that expense. The following scoring system was used to determine
which expenses were greatest for the sample population:
rank 1 (10 points), rank 2 (8 points), rank 3 (6 points),
rank 4 (4 points), rank 5 (2 points). By way of example, if
the top 5 expenses for respondent 1 were feed, labor, fuel,
bedding, and repairs, and respondent 2 reported labor,
feed, fuel, bedding, and repairs, the ranking system would
attribute 18, 18, 12, 8, and 4 points for feed, labor, fuel,
bedding, and repairs, respectively.
Response rate was calculated 1 mo following the last
email reminder to complete the online questionnaire. The
response rate was adjusted from the original sample population of 607 to reflect questionnaires sent back in the
mail due to a wrong address, a farm operation no longer
in business, or questionnaires that were incomplete to the
point that any form of data analysis could not be conducted.
Because the pool of respondents was generated from
purposeful nonrandom sampling, due to the unavailability
of addresses for the entire target population, a descriptive
statistical approach was used. This involved measures of
central tendency (mean, median, and mode) and variability (standard deviation), and the measures were conducted
using JMP Pro 13 (SAS Institute Inc., Cary, NC). Descriptive statistics were used to assess whether trends existed for the case study farms for producer-reported SCC
and bedding material cost per cow versus bedding material selection, housing type, farm scale, and management
system. The following 8 relationships were analyzed: SCC
as the dependent variable against (1) bedding material
selection, (2) housing type, (3) farm size, (4) management
system; additionally, bedding cost per cow was tested as
the dependent variable against (5) bedding material selection, (6) housing type, (7) farm size, and (8) management
system. Importantly, all analyses are meant only to summarize the data and trends for the case study farms and
not to make inferences on a larger population, due to the
sampling method.

Nonresponse Bias
The bias occurring from nonresponse, where survey
respondent answers differ from nonrespondents, was addressed before and after the mailing of the questionnaire.
Nonresponse bias was considered from the onset of the
study by using components from the tailored design method (Dillman, 2000). The specific components that were
used were as follows: (1) create a short respondent-friendly
questionnaire developed with industry experts, (2) pretest

the questionnaire multiple times, (3) include a return envelope with a first class stamp, (4) contact respondents multiple times over a several-month period through 2 modes
of contact (mail and email), (5) provide contact information (phone and email) for the lead researcher in the cover
letter, (6) describe how results of the questionnaire could
indirectly benefit the respondent financially, (7) provide a
description of university sponsorship (University of New
Hampshire and University of Vermont), and (8) provide a
token of appreciation (free copy of finished survey report).
Nonresponse error after the questionnaire was considered
by using a modified version of the comparison of demographic and socioeconomic difference method (Sivo et al.,
2006), where farmer age, gender, and working experience
were compared with the target population. Demographics
(farmer age and gender), along with farm characteristics
(number of head in the dairy herd and farm acreage) were
compared with 2012 USDA Census of Agriculture data to
determine whether a similar distribution existed between
the research study and that of the agricultural census
(USDA, 2012).

RESULTS AND DISCUSSION
Response Rate and Survey Demographics
Of the 607 questionnaires sent by first class mail, 114
responses were received, with another 17 questionnaires
coming back as return to sender. Of the 35 questionnaires
sent by email, 19 responses were received, with 4 of those
being removed for failing to provide information required
for data analysis and being incomplete to the point that
the research team questioned the integrity of the entire
survey response. In total, 129 completed questionnaires
were received from 98 conventional, 26 organic, and 5 unspecified dairy farms, from a sample population of 590
potential participants (22% response rate). The total population response rate for all active dairy farms in New
England was 10% for organic farms, 4% for conventional
farms and 5% when combining both (Table 1).
The distribution of dairy farm responses by state between the sample and target population were similar, with
5 of the 6 sampled states having a distribution within 3%
of each other (Table 1). Only Maine dairy farmers were
slightly underrepresented when comparing the distributions on a regional level. However, response rate in relation to herd size (lactating cows) was slightly skewed between sample and target populations (Table 2). Whereas
the distribution of farms between the sample and target
population was similar for the 2 larger classes, smaller
dairies (≤49 cows) were slightly underrepresented in the
study.

Bedding Usage and Quantity
The primary bedding materials used by conventional
dairy farmers were sawdust, sand, and wood shavings,
with 52, 24, and 14% of dairy farms using those bedding
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Table 1. Response rate distribution by state in relation to New England dairy farm population
Dairy farms in New England1
State
Maine
Vermont
New Hampshire
Massachusetts
Connecticut
Rhode Island
Unspecified
Total
1

Completed questionnaires

N

Distribution (%)

N

Distribution (%)

Total population response rate (%)

581
1,075
251
278
242
30
0
2,457

24
44
10
11
10
1
0
100

18
58
17
14
9
2
11
129

14
45
13
11
7
1
9
100

3.1
5.4
6.8
5.0
3.7
6.7
0
5.3

USDA (2012).

materials as their primary selection, respectively. A few
conventional dairy farmers also used manure solids (MNS;
composed or digested) and hay, with those bedding materials representing 3 and 4%, respectively (Table 3). When
analyzing just woody bedding (sawdust and wood shavings), respondents from conventional dairies reported using 11 m3/cow per year.
The primary bedding materials used by organic dairy
farmers were sawdust, sand, and hay, with 65, 12, and
12% of dairy farmers using those bedding materials as
their main selection, respectively (Table 3). Straw, wood
shavings, and wood chips were also used, but only represented 4% each. With regard to woody bedding, respondents from organic dairy farms used the same quantity as
conventional dairy farmers (11 m3/cow per year).
When examining bedding material selections further for
both conventional and organic dairy farmers, only 5 (3%)
did not use any woody bedding in their mix. Of those
respondents, 4 used hay exclusively and the other used a
combination of sand and straw. Given that the region is
78% forested (Foster et al., 1998), the popularity of woody
bedding was not surprising. Geography is also the likely
reason for the lack of straw bedding used by respondents;
the New England region produces minimal quantities of
cereal crops for straw by-product (USDA, 2015). Of the 20
dairy farmers in the sample population using some straw,
90% reported straw as <10% of total bedding usage.

Bedding Preference
Conventional and organic dairy farmer responses for
why they preferred their primary bedding material varied
by bedding type (Table 4). Dairy farmers using sand cited
low bacteria as a top reason, which is a characteristic well
supported in the literature (Hogan et al., 1989; Godden et
al., 2008). Farmers using sawdust cited the ease of material handling and absorbency as primary benefits. Zehner
et al. (1986) also reported the high absorbency of sawdust.
Farmers using wood shavings reported dryness and ease of
handling as primary benefits, and those using hay found
the ability to grow it on site to be a top preference. Dyck
et al. (2009) also reported the advantage of growing hay
on site as a bedding source, especially for organic dairy
farmers, who are required to use more expensive organiccertified bedding. Dairy farmers using MNS reported high
absorbency as their top preference, which is a characteristic reported by Zehner et al. (1986) in a study of 5 different bedding materials.

Bedding Avoidance
Of the 71 conventional and organic dairy farmers (55%)
reporting a particular bedding avoidance, 59% avoided
sand, with incompatibility with the manure system and
wear on equipment being the top reasons for not using the
material (Table 5). Dyck et al. (2009) also reported the

Table 2. New England lactating herd size distribution between sample and target populations
Target population size class distribution1 Survey sample population size class distribution
(%)
(%)
Dairy farm size class
≤49 Cows
50–99 Cows
100–199 Cows
≥200 Cows
1

USDA (2012).

57
20
11
11

37
38
14
12
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Table 3. Primary bedding materials used at conventional and organic dairy farms across New
England
Number of farms using specified bedding material1
Management system

Sand

Sawdust

Shavings

Hay

MNS

Straw

Other

23
3

51
17

14
1

4
3

3
0

0
1

3
1

Conventional (98)
Organic (26)

MNS = manure solids; Other = wood chips, leaves, horse litter, ground cornhusks, and Clean
Cow Bedding from Casella Organics (Saco, ME).

1

incompatibility of sand with manure systems. The next
most avoided bedding material was straw, which was cited
as being too costly, difficult to handle, and not compatible
with liquid manure systems. A study of Vermont bedded
pack dairy facilities also found that straw was regionally
expensive (Gilker, 2012). Hay was the third most avoided material, with respondents reporting similar issues to
straw, only without the high cost. Sawdust was the fourth
most avoided bedding material, with bacteria concerns being the main reason for avoidance. Hogan et al. (1989)
and Zdanowicz et al. (2004) both described the ability of
sawdust to support mastitis-causing bacteria, especially
Klebsiella spp. High bacteria counts were also the primary
reason respondents avoided MNS, which is a characteristic
supported in the literature (Zehner et al., 1986; Godden
et al., 2008; Harrison et al., 2008). Interestingly, none of
the surveyed organic farmers used any quantity of MNS.

Bedding Cost and Material Conversion over the
Past Decade
From 2003 to 2013 average regional bedding material
costs, with inflation accounted for, increased by 70% for

conventional dairy farm respondents. Conventional dairy
farmers paid an average of $184/cow per year for bedding
material in 2013, compared with $85/cow per year in 2003
(Table 6). During this same period, the cost of bedding
material for organic dairy farmers increased from $67/cow
per year in 2003 to $145/cow per year in 2013 (Table 6).
After accounting for inflation, this translates to a 71%
increase in bedding material costs.
When analyzing bedding material cost, only 5% of respondents (6 conventional and 1 organic dairy farmer) did
not have increased costs over the 10-yr period (2003 to
2013). This finding was consistent with that of Laughton
et al. (2014), who also reported the increasing cost of dairy
supplies throughout New England, which included bedding. Of the dairy farmers not reporting increased cost, 2
were using sand, 1 was using sawdust, 1 switched to using
MNS, 1 purchased a wood shaving machine, and 1 was
growing hay onsite. Of the farmers using woody bedding,
98% experienced increased costs from 2003 to 2013.
When respondents were asked whether they switched
bedding materials from 2003 to 2013, 34 farmers (26%)
reported switching primary bedding materials, with 82%

Table 4. Reason for preferring a bedding material and number of dairy farmers supporting that
reason
Number of responses by bedding material type
Preference characteristic
Dry
Clean
Comfortable
Absorbent
Low bacteria
Can be purchased locally
Can be grown on site
Can be produced on site
Easy handling
Low cost
Visually appealing
Manure system compatibility
1

MNS = manure solids.

Sand

Sawdust

Shavings

Hay

Straw

MNS1

1
3
2
—
10
3
—
4
—
4
—
—

—
—
2
6
3
—
—
—
13
4
1
1

9
3
1
2
3
4
—
—
4
1
—
2

—
—
—
—
—
1
4
—
1
1
—
1

—
1
—
—
—
—
1
—
—
—
—
—

—
1
1
3
1
—
—
2
—
2
—
1
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Table 5. Reason for avoiding a bedding material and number of dairy farmers supporting that
reason
Number of responses by bedding material type
Avoidance characteristic
Not absorbent
Dirty
High bacteria
Hard on equipment
Unsuited with housing system
Expensive
Not readily available
Difficulty with handling
Smells bad when wet
Avoid for no particular reason
Incompatible with manure system
1

Sand

Sawdust

Shavings

Hay

Straw

MNS1

—
—
—
12
6
1
1
4
—
—
18

—
—
7
—
—
1
2
—
—
2
—

2
—
2
—
—
2
1
—
—
—
—

1
1
1
—
—
3
—
5
1
—
11

—
1
—
—
—
10
1
6
—
—
10

—
1
3
—
1
—
1
—
—
—
—

MNS = manure solids.

of respondents converting from sawdust or shavings to a
nonwoody bedding type. The primary reasons cited for
switching from woody bedding were mill closings (12 farmers), switched to sand (7 farmers), and increased cost (6
farmers).

it East, 174 South Road, Enfield, CT, personal communication).

Bedding Rank Compared with Other Farming
Expenses

On conventional dairy farms, respondents using wood
shavings reported the highest bedding material costs
($286/cow per year), whereas those using MNS reported
the lowest costs ($34/cow per year) (Table 8). For organic
dairies, the cost of wood shavings was also the most expensive material ($195/cow per year), with sand being
the least expensive ($76/cow per year). For both management systems, large variability existed between and within
bedding materials, as shown by the high SD in Table 8.
However, for both management systems, woody bedding
tended to be more expensive than other bedding materials.
Few studies have specifically focused on the cost comparison between various bedding materials to serve as a
comparison to this study. However, Harrison et al. (2008)
reported similar findings regarding the low cost associated
with MNS. In their study, dairy farmers switching to MNS

In comparing bedding cost in relation to other farming expenses, conventional dairy farmers ranked bedding
fourth most expensive, whereas organic dairy farmers
ranked bedding fifth. Cost of imported feed and labor were
ranked first and second for both conventional and organic
dairy farmers (Table 7). A study of 142 dairy farms in
New England by Laughton et al. (2014) reported a similar ranking of costs for conventional dairy farmers, with
the following costs per cow per year: feed ($1,948); labor
($802); repairs ($343); supplies ($255); and gasoline, fuel,
and oil ($254). However, bedding cost was not a specific
line item in their economic analysis but was contained
within the supplies category and was often the highest
cost within that category (C. Laughton, 2016, Farm Cred-

Relationship Between Bedding Material with
Cost and Producer-Reported SCC

Table 6. Bedding cost comparison between 2003 and 2013 for organic and conventional dairy farms
Bedding cost per cow ($)
Management
system
Conventional (60)
Organic (16)

2013
Mean

SD

Median

184
145

173
69

125
150

Bedding cost per head ($)

2003

2013

2003

Mean SD Median

Mean SD Median

Mean SD Median

85
67

74
49

68
53

87
70

74
36

65
73

41
34

40
24

32
26

622

Smith et al.

Table 7. Rank of bedding cost in relation to other farming expenses
Conventional dairies (n = 102)
Rank of costs

Cost

1
2
3
4
5

Feed
Labor
Repairs
Bedding
Fuel

Organic dairies (n = 23)

Score1

No.

Cost

970
364
226
224
194

100
50
47
46
41

Feed
Labor
Fuel
Repairs
Bedding

Score1

No.

220
70
62
58
54

23
9
12
12
15

Score based on number of responses (no.) and the associated rank (rank 1 = 10, rank 2 = 8,
rank 3 = 6, rank 4 = 4, and rank 5 = 2).

1

reported a savings of $0.01 to $0.26 per 45.36 kg (hundredweight) when considering bedding purchases and manure
handling. A second study by Panivivat et al. (2004) also
mentioned bedding costs briefly for dairy calves in Arkansas. In their study, long wheat straw and sand were
the most expensive bedding materials, followed by granite
fines, wood shavings, and rice hulls.
When examining average producer-reported SCC, sawdust was slightly elevated on conventional dairy farms
(168,696 cells/mL), whereas wood shavings were highest
for those using organic management (160,000 cells/mL)
(Table 8). The bedding material with the lowest average
SCC on conventional dairies was wood shavings (134,077
cells/mL), and sand was the lowest for organic dairies
(119,667 cells/mL). For both management systems, large
variability existed in the producer-reported SCC between
and within bedding materials (Table 8).
In comparing producer-reported SCC values from respondents in this study to that of other studies, some

trends are apparent. In the present study, sawdust exhibited elevated SCC for both management systems. Numerous studies have reported that sawdust harbors more
mastitis-causing bacteria, especially Klebsiella spp., when
compared with other bedding types (Hogan et al., 1989;
Zdanowicz et al., 2004; Dyck et al., 2009). With bacterial
counts in bedding corresponding to rates of clinical mastitis (Hogan et al., 1989), it is likely that the elevated SCC
reported on farms using sawdust bedding was due to the
bedding material itself and not some form of management.
This is especially true because dairy farmers reported using sawdust across all housing types, farm scale, and in
both management systems.
A second trend, although not as strong due to small
sample size, was the lower average SCC values reported by
respondents using sand. A review by Dufour et al. (2011)
reported that sand bedding was associated with lower
SCC. Wenz et al. (2007) also found that mattresses, sand,
and newspaper were all associated with lower SCC, when

Table 8. Cost and SCC for various bedding materials for conventional and organic dairy herds across New England
Per cow
Bedding cost ($)
Primary material
Conventional
Sawdust (47)
Sand (19)
Shavings (11)
Other (5)
MNS1 (3)
Organic
Sawdust (17)
Sand (2)
Shavings (2)
Hay (2)
Other (1)
1

MNS = manure solids.

Per head
SCC (cells/mL)

Bedding cost ($)

Mean

SD

Median

Mean

SD

Median

Mean

SD

Median

213
132
286
112
34

187
94
139
61
10

144
106
311
144
28

168,696
135,000
134,077
164,333
134,333

111,336
40,997
63,043
61,776
46,004

150,000
130,000
110,000
200,000
135,000

102
63
126
42
16

80
48
62
35
2

76
49
130
50
15

134
76
195
169
133

71
40
64
27
0

132
76
195
169
133

142,750
119,667
160,000
133,333
132,500

34,492
53,295
0
56,862
45,962

140,000
100,000
160,000
150,000
132,500

66
55
120
109
82

35
38
0
0
2

64
49
120
109
82
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Table 9. Cost and SCC in relation to housing type
Per cow

Per head

Bedding cost ($)
Housing type1
Conventional
TS (27)
FS (19)
BP (2)
FS + BP (14)
TS + BP (11)
TS + FS (7)
TS + FS + BP (6)
Organic
TS (7)
FS (6)
BP (4)
FS + BP (1)
TS + BP (2)
TS + FS (2)
TS + FS + BP (2)
1

SCC (cells/mL)

Bedding cost ($)

Mean

SD

Median

Mean

SD

Median

Mean

SD

Median

236
108
425
131
253
144
270

223
90
26
122
111
61
104

136
92
425
101
268
151
304

182,125
134,167
110,000
141,286
145,000
133,000
151,500

143,183
39,453
14,142
62,610
62,530
41,833
69,529

150,000
132,500
110,000
117,500
125,000
134,000
180,500

114
54
186
65
128
68
104

95
45
1
58
57
27
38

65
46
186
47
128
64
112

179
64
177
105
107
147
163

59
34
47
0
66
107
18

77
26
96
56
46
71
88

147,143
123,333
151,250
120,000
197,000
140,000
150,000

10,746
32,042
35,208
0
74,953
28,284
0

150,000
110,000
162,500
120,000
197,000
140,000
150,000

86
37
98
56
46
71
88

28
31
20
0
32
45
11

77
26
96
56
46
71
88

TS = tie-stall, FS = freestall, BP = bedded pack.

compared with composted manure, which was 2.9 times
more likely to have elevated SCC.

Relationship Between Housing Type with
Bedding Cost and SCC
For conventional dairy farmers, the average cost of bedding material for those using bedded packs was the highest
($425/cow per year), whereas the cost of bedding material
for those using freestalls was the lowest ($108/cow per
year). The same trend was also found for dairy farmers using organic management, with bedding material for those
using bedded packs costing $177/cow per year versus $64/
cow per year for those using freestalls (Table 9).
Few studies have explored the relationship between
housing type and bedding cost to serve as a comparison
to this study. However, a study by Endres (2012) reported
similar results, with the cost of bedding being highest for
dairy farmers using bedded packs ($146 to $347/cow per
year) compared with farmers using freestalls ($33 to $55/
cow per year). The higher cost of bedded packs was also
reported by Gilker (2012), who found that bedded packs
use 4 times as much bedding material as freestall barns.
Barberg et al. (2007) also reported that the cost of bedding for packs ($128 to $310/cow per year) was the greatest concern for those using that housing type. However,
Barberg et al. (2007) also reported a reduced occurrence
of lameness and increased cow comfort on bedded packs,
which may offset the extra cost of more bedding material.
When analyzing average producer-reported SCC in relation to housing type, few trends are apparent, due to the

large variability between and within housing types, and
the small sample size for some factors. However, in general, average SCC tended to be less on farms with freestall
housing (Table 9). These findings were in agreement with
Rodrigues et al. (2005) and Dufour et al. (2011), who reported that freestall systems are associated with lower
SCC, when compared with other housing types.

Relationship Between Dairy Cow Herd Size with
Bedding Cost and SCC
Economies of scale were found for bedding cost as herd
size increased on conventional farms. The average cost of
bedding material went from $258/cow per year for the
smallest size class (≤49 cows) down to $111/cow per year
for the largest size class (≥200 cows) (Table 10). Economies of scale were also present on organic dairy farms, with
average bedding cost decreasing as herd size increased.
Dairy farms in the smallest size class (≤49 cows) paid
an average of $160/cow per year compared with the largest size class (100–199 cows), which had bedding material
costs of $104/cow per year (Table 10).
The relationship between increasing bedding cost and
decreasing herd size is a consistent trend in the literature. In a study of Northeast dairy farms, Laughton et
al. (2014) reported that larger farms had lower production costs (including bedding) from economies of scale.
MacDonald et al. (2007) also reported reduced costs associated with economies of scale for conventional dairies,
and McBride and Greene (2009) reported the same trend
for organic dairies. A review of the literature by Tauer
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and Mishra (2006) also concluded that the higher cost of
production on smaller dairies in the United States was associated with inefficiency rather than varying technology.
In comparing farm scale to self-reported SCC, no predictable trend was observed. Conventional dairy farmers
reported averages of 129,417 cells/mL for the smallest
size class to 145,929 cells/mL for the largest size class
(≥200 cows; Table 10). Organic dairy farms reported similar findings, with regional averages of 132,833 cells/mL in
the smallest size class to 136,667 cells/mL in the largest
size class (100–199 cows) (Table 10). These results are
inconsistent with the findings reported in the literature.
A study of Wisconsin dairy farms by Ingham et al. (2011)
found that small farms (≤118 cows) had significantly
higher SCC (369,000 cells/mL) when compared with the
large farms (119 to 713 cattle) or confined animal feeding operations (≥714 cattle), which had SCC of 273,000
and 240,000 cells/mL, respectively. Similarly, Allore et al.
(1997), Oleggini et al. (2001), and Archer et al. (2013) all
reported decreasing SCC with increasing herd size.

Relationship Between Management System with
Bedding Cost and SCC
The average cost of bedding material for conventional
dairy farmers was $184/cow per year, compared with organic dairy farmers, who spent an average of $145/cow per
year (Table 6). However, median values differed, with organic dairy farmers paying more ($150/cow per year) versus conventional farmers ($125/cow per year), illustrating
the variability of bedding costs within each management
system. In comparison with other studies, McBride and
Greene (2009) found that organic dairies tended to have
higher operating costs than conventional farms. However,
they also reported that organic dairies tended to be smaller
than conventional dairies, with economies of scale resulting in reduced cost for both management systems. With
the strongest trend between bedding costs being farm size
in the present study, it is likely that the higher material

costs reported in McBride and Greene (2009) were a result
of farm size and not specifically the management system.
When examining self-reported SCC, there was no obvious trend between management systems. Conventional
dairy farm respondents reported an average of 152,318
cells/mL, compared with organic dairy farmers, who reported an average of 138,720 cells/mL. The similarity between conventional and organic dairy farms with SCC is
consistent in the literature. Stiglbauer et al. (2013) reported similar results between conventional (213,000 cells/mL)
and organic (221,000 cells/mL) dairy farms in New York,
Wisconsin, and Oregon. Similarly, Sato et al. (2005), Pol
and Ruegg (2007), and Haskell et al. (2009) all reported
no difference in SCC between organic and conventional
dairy farms.

Interest in Producing Bedding with a Wood
Shaving Machine
Of the dairy farmers surveyed, 99 (77%) reported owning a woodlot, with an average ownership of 64 ha. The
primary uses for these woodlots were firewood and timber
production. When asked whether they would be interested
in participating in local farmer cooperatives to produce
their own wood shavings, 13% of respondents said yes,
42% said maybe, and 45% said no. Of the respondents
saying yes, 82% were owners of farms with ≤99 cows, 18%
owned 100 to 199 cows, and 0% said yes for the largest
size class (≥200 cows). When asked whether they would
purchase wood shavings from local cooperatives, 20% of
the sampled farmers said yes, 17% said no, and 63% said
maybe. Of those saying yes, 79% were owners of farms
with ≤99 cows. When asked whether the wood shavings
would have to be kiln dried, 63% said yes, 19% said no,
and 18% were unsure.
The greater interest in producing bedding with a wood
shaving machine from dairy farm owners with smaller
herds was not surprising. The cost of bedding per cow
for survey respondents in the smaller size classes was al-

Table 10. Cost and SCC in relation to farm size
Per cow
Bedding cost ($)
Size class
Conventional
≤49 Cows (22)
50–99 Cows (34)
100–199 Cows (15)
≥200 Cows (12)
Organic
≤49 Cows (12)
50–99 Cows (10)
100–199 Cows (3)

Per head
SCC (cells/mL)

Bedding cost ($)

Mean

SD

Median

Mean

SD

Median

Mean

SD

Median

258
191
129
111

211
125
79
97

147
151
111
75

129,417
160,829
169,714
145,929

50,540
123,345
57,046
39,191

117,500
140,000
177,500
132,500

109
94
64
57

82
60
40
51

72
83
49
36

160
125
104

69
72
7

154
132
105

132,833
146,400
136,667

37,634
43,470
15,275

137,500
147,000
140,000

80
61
68

36
36
22

82
63
56
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most twice the cost of those in the largest size class (≥200
cows). A primary reason for this is due to economies of
scale, where owners of small dairy farms are less likely to
order bulk purchases of bedding. This is especially true for
the most common bedding sources in New England—sawdust and shavings. Many of the mills in the region that
supply this bedding source will blow the sawdust or mill
shavings into a tractor trailer, delivering over 75 m3 at a
time. For many smaller dairy farms in the region, this type
of purchase would result in storing large quantities of bedding for an extended length of time, increasing the risk of
contamination.

Archer, S. C., F. M. Coy, W. Wapenaar, and M. J. Green. 2013. Association of season and herd size with somatic cell count for cows in
Irish, English, and Welsh dairy herds. Vet. J. 196:515–521. https://doi
.org/10.1016/j.tvjl.2012.12.004.

IMPLICATIONS

Dyck, E., S. Flack, K. Hoffman, E. Maltby, K. Mendenhall, R. Perry,
S. Richards, L. Tikofsky, and B. Wallis. 2009. The Organic Dairy
Handbook: A Comprehensive Guide for the Transition and Beyond.
K. Mendenhall, ed. Northeast Organ. Farm. Assoc. New York Inc.,
New York, NY.

This case study of 98 conventional and 26 organic dairy
farmers from across the New England region is the first to
take such a comprehensive financial view of animal bedding cost and SCC in relation to bedding material type,
housing system, herd size, and management system. For
the surveyed conventional and organic dairy farmers, bedding cost ranked fourth and fifth most costly in relation
to other farm expenses. Economies of scale were found
with bedding material purchases, with cost decreasing as
herd size increased. This has important management implications beyond the New England region; smaller dairies
could reduce their bedding costs substantially by purchasing material in bulk like larger operations. Alternatively,
a collection of locally clustered dairies may benefit by
purchasing bulk orders together and dividing material
afterward. Finally, the authors hope this study starts a
conversation among practitioners and researchers about
animal bedding costs in their region, hopefully leading to
cost-saving solutions for those in the industry.
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CASE STUDY: An assessment of anthelmintic
resistance through in vivo fecal egg count
reduction test and in vitro egg hatch test
on small ruminant farms in the southcentral
United States1
Y. Tsukahara,* Z. Wang,* T. A. Gipson,* S. P. Hart,* L. J. Dawson,*† R. Puchala,* T. Sahlu,*
and A. L. Goetsch,*2 PAS
*American Institute for Goat Research, Langston University, PO Box 730, Langston, OK 73050; and †Center for
Veterinary Health Sciences, Oklahoma State University, Stillwater 74078

ABSTRACT

INTRODUCTION

An in vivo fecal egg count reduction (FECR) test was
conducted on 5 farms in the southcentral United States
participating in an animal resistance selection project to
assess internal parasite resistance to anthelmintics. Seventy-six Kiko does on farm G1, 54 Spanish does (G2), 37 Katahdin sheep (S1), 61 Dorper ewes (S2), and 80 St. Croix
sheep (S3) were randomly allocated within farm to control
and 3 classes of anthelmintics. After determining initial
fecal egg count, recommended doses of anthelmintics were
given and fecal egg count was assessed 7 to 8 d later. Resistance to eprinomectin was detected on all farms, with
FECR <63%. There was no levamisole resistance on sheep
farms (FECR >95%). There was resistance to albendazole
on 4 farms (FECR <95%). An egg hatch test was conducted to evaluate resistance to albendazole using composite
fecal samples from untreated animals of G1, S1, S2, and
S3 farms as well as control eggs from susceptible larvae.
Final concentrations of albendazole were 0.00005, 0.0005,
0.005, 0.05, 0.5, and 2.0 μg/mL. After 48 h of incubation at 25°C, numbers of unhatched eggs and larvae per
well were counted. The hatched percentage of susceptible
larvae was 96% in the control wells. Drug concentration
affected (P < 0.01) the percentage of unhatched eggs for
S2 and S3, whereas values were similar (P > 0.10) for G1
and S1. In conclusion, resistance to common anthelmintics
varied considerably among farms and products, suggesting a need for such testing rather than general treatment
recommendations.

Anthelmintic resistance of gastrointestinal nematodes in
ruminants is well documented in the United States and
many parts of the world (Waller, 1997; Coles et al., 2006;
Kaplan and Vidyashankar, 2012). In response, restricted
use of anthelmintics and nonpharmaceutical strategies to
control internal parasitism such as the FAMACHA system (Faffa Malan Chart; Livestock Health and Production Group of the South African Veterinary Association,
Pretoria, South Africa, www.sava.co.za) and consumption
of plants with anthelmintic properties have been used
to overcome or slow development of anthelmintic resistance (Zajac and Gipson, 2000; van Wyk and Bath, 2002;
Waller, 2006). Because of such practices as well as others,
including rotation of different types and combinations of
anthelmintics and movement of animals among farms, periodic assessment of resistance to the available 3 groups
of anthelmintics (i.e., benzimidazoles, imidazothiazole/
tetrahydropyrimidines, and macrocyclic lactones) would
be beneficial.
In the southern United States where small ruminant
production is considerably challenged by internal parasitism, predominant organisms are Haemonchus contortus
(Miller and Craig, 1996; Zajac and Gipson, 2000; Crook
et al., 2016) and Trichostrongylus colubriformis (Terrill et
al., 2001; Howell et al., 2008), particularly the former. Anthelmintic resistance of these genera was first reported in
Texas (Miller and Craig, 1996) and later in the southeastern United States (Zajac and Gipson, 2000; Terrill et al.,
2001). Information from these regions has been updated
(Howell et al., 2008; Goolsby et al., 2017), and resistance
in the mid-Atlantic region has been evaluated (Crook et
al., 2016). There are few reports of anthelmintic resistance
in the southcentral United States other than a field day
proceedings report of Miller and Gipson (2003) conducted
on Oklahoma farms quite some time ago.
Among methods of characterizing anthelmintic resistance
(Coles et al., 2006), the in vivo fecal egg count reduction

Key words: anthelmintic resistance, egg hatch test, fecal
egg reduction test, small ruminant
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Table 1. Climate, animal residence, and anthelmintic usage of collaborating farms
Farm1
Item

G1

Climate
Mean,2 °C
Maximum,2 °C
Minimum,2 °C
Total precipitation,2 cm
Humidity,3 %
Residence
Anthelmintic usage
Treatment method
Frequency
Anthelmintic4

G2

S1

S2

S3

14.9
21.3
8.6
107
63.2
Pasture

17.2
23.6
10.9
66
64.4
Pasture

17.1
23.6
11.2
128
76.8
Pasture

14.2
19.9
8.5
79
71.3
Pasture and barn

13.8
19.4
8.1
105
66.8
Pasture

Whole herd
Once a year
BZ, ML

Selective
Every 2 mo
BZ, IMI, ML

Selective
Seasonal
BZ, IMI

By flock
Occasionally
BZ, IMI, ML

Selective
Rarely
BZ

G1 = Kiko goat farm in Kansas; G2 = Spanish goat herd of Langston University, Oklahoma; S1 = Katahdin sheep farm in
Arkansas; S2 = Dorper sheep farm in Missouri; and S3 = St. Croix sheep farm in Missouri.
2
Average mean, maximum, and minimum temperature, and total precipitation in 2016 at locations near the farms (US Climate
Data, 2016a,b,c,d,e).
3
Average humidity in 2016 at locations near the farms (Weather Underground, 2017).
4
BZ = benzimidazole; IMI = imidazothiazole/tetrahydropyrimidine; ML = macrocyclic lactone.
1

test (FECRT) is reliable and amendable for on-farm use.
Also, the in vitro egg hatch test (EHT) was developed
to detect benzimidazole resistance by measuring numbers
of unhatched eggs at increasing dosages. The objective of
this study was to determine resistance of internal parasites
in sheep and goats at some of the farms in the southcentral United States that participated in a project addressing selection of animals for resistance to internal parasites.

MATERIALS AND METHODS
Farms and Animals
The experimental protocol was approved by the Langston University Animal Care and Use Committee. There
were 4 commercial farms that raised Kiko goats in Kansas
(G1), Katahdin sheep in Arkansas (S1), Dorper sheep in
Missouri (S2), and St. Croix sheep in Missouri (S3). The
number of females maintained primarily for commercial
purposes ranged from 50 to 300. The Spanish goat herd of
Langston University was the fifth farm (G2). Farm locations are shown in Figure 1. Climate, management regimen, and anthelmintic usage varied considerably among
farms (Table 1).
The farms had previously participated in a 3-yr project
in which sires and dams were selected for resistance to
internal parasites (Tsukahara et al., 2016). Animals were
categorized as being of low, moderate, or high resistance,
with males and females of moderate and high resistance
bred to one another in the fall of each of 2 yr. Progeny
were then treated in the same manner the following year.
For the categorization, males from each farm were evalu-

ated in a central performance test at Langston University.
They resided by flock/herd in adjacent pens with automated feeders allowing free access to a 50% concentrate
pelletized diet. The test entailed a 2-wk adjustment period
with anthelmintic treatment followed by 8 wk of data collection, during which time responses to an oral dose of
10,000 Haemonchus contortus L3 larvae were determined
and growth performance was monitored. Selection for
breeding was based on both resistance to internal parasitism and growth performance. Females were evaluated on
farm based on fecal egg count (FEC) and FAMACHA

Figure 1. Locations of collaborating farms. G1 = Kiko goat farm
in Kansas, G2 = Spanish goat herd of Langston University, S1
= Katahdin sheep farm in Arkansas, S2 = Dorper sheep farm in
Missouri, and S3 = St. Croix sheep farm in Missouri.
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score (Livestock Health and Production Group of the
South African Veterinary Association).
Animals used in the present study were nonpregnant and
clinically healthy and had not been administered an anthelmintic treatment for at least 1 mo before initial sampling. Animals with a FAMACHA score of less than 2 were
excluded so that group means of FEC would be above 150
eggs/g (EPG), required for reliable results (Coles et al.,
1992, 2006). Seventy-six Kiko does (G1; initial BW = 43
± 0.7 kg and FAMACHA score = 3.4 ± 0.42), 54 Spanish does (G2; 44 ± 0.7 kg and 3.6 ± 0.09), 37 Katahdin
ewes and female lambs (S1; 35 ± 2.3 kg and 2.8 ± 0.06),
61 Dorper ewes (S2; 57 ± 1.4 kg and 2.7 ± 0.05), and 80
St. Croix ewes and lambs (S3; 31 ± 1.4 kg and 2.6 ± 0.04)
were randomly allocated to control and 3 anthelmintic
treatment groups. Proportions of adult and young animals
in treatment groups on S1 and S3 farms were similar. Animals resided in the original pastures or locations and were
managed similarly during the experiment.

FECRT
The FECRT was conducted following the method of
the World Association for the Advancement of Veterinary
Parasitology described by Coles et al. (1992, 2006). Briefly, a minimum of a 5-g rectal fecal sample was collected
from each animal between August 22 and September 1,
2016, to determine initial FEC individually using a modified McMaster technique (Stafford et al., 1994) with a
sensitivity of 50 EPG. Body weight of individual animals
was determined, and the appropriate dose of anthelmintic was administered orally. Anthelmintics included albendazole (ABZ, Valbazen; Zoetis, Florham Park, NJ),
levamisole (LEV, Prohibit Soluble Drench Powder; Agri
Laboratories Ltd., St. Joseph, MO), and eprinomectin
(EPM, Eprinex; Merial Inc., Duluth, GA), representing
the 3 anthelmintic groups available for treatment of small
ruminants in the United States at that time. Eprinomectin
was selected among the macrocyclic lactone anthelmintics
due to the shorter residue period than for other products
in the group. From the same group, moxidectin (MOX,
Cydectin; Boehringer Ingelheim Vetmedica Inc., St. Joseph, MO) was additionally used on G1 as requested by
the producer. Dosages followed recommendations of Dawson (2016) and ACSRPC (2014), which were 20.0 and 7.5
mg/kg of BW of ABZ, 12.0 and 8.0 mg/kg of BW of LEV,
0.5 and 0.5 mg/kg of BW of EPM, and 0.5 and 0.2 mg/
kg of BW of MOX for goats and sheep, respectively. Anthelmintics were administered orally using a syringe with
an extension (drench nozzle) to ensure complete administration. A second rectal fecal sample was collected 7 to 8
d later (between August 29 and September 9, 2016) from
each individual in the groups to determine post-treatment
FEC, although the recommended time period for the second rectal sample for macrocyclic lactones is later at 14 to
17 d after treatment (Coles et al., 2006).
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EHT
Procedures followed are described by the World Association for the Advancement of Veterinary Parasitology
(Coles et al., 1992, 2006), with standardization by von
Samson-Himmelstjerna et al. (2009). This test was designed for the detection of benzimidazole resistance. It
was conducted for the G1, S1, S2, and S3 farms. The G2
samples were not included in this assay due to unexpected
sample damage. In addition, eggs obtained from feces of
sheep on the central sire performance test noted earlier
that had been artificially infected with susceptible larvae
were included as a control treatment. The susceptible larvae were obtained from Texas A&M University, Veterinary Medicine and Biomedical Sciences (i.e., laboratory of
Thomas Craig). Other fecal samples were collected from
untreated animals on the 5 farms and combined to make a
composite sample for each location. Samples were immediately stored anaerobically in plastic bags at approximately
20°C during transportation. Composite fecal samples were
then homogenized with tap water into a slurry. Eggs were
collected from samples and separated from fecal debris
by filtration, centrifugation (room temperature; 1,400 ×
g for 15 min twice and 180 × g for 10 min), and gradient
centrifugation (at lower speeds; Marquardt, 1961). Eggs
were washed in deionized water, and 98 μL of a suspension containing 29.7 ± 1.89 of clean eggs was placed into
96-well tissue culture test plates (96-well flat-bottom immune plate; Nalge Nunc International, Rochester, NY).
The ABZ was dissolved and diluted in dimethyl sulfoxide
to 0.0025, 0.025, 0.25, 2.5, 25, 100 μg/mL, and 2 μL of
each solution was added to the wells. Consequently, the
final concentration in wells was 0.00005, 0.0005, 0.005,
0.05, 0.5, and 2.0 μg/mL in a total volume of 100 μL.
Assays were conducted in triplicate for each level of ABZ,
dimethyl sulfoxide solution alone (i.e., 0 μg/mL), and egg
suspension alone (control). Plates were covered to prevent
evaporation, and eggs were incubated at 25°C for 48 h.
Total numbers of unhatched eggs and larvae (e.g., active
and inactive) per well were counted.

Statistical Analyses
Data were analyzed within farm. The arithmetic mean,
FEC reduction (FECR), and 95% CI (Coles et al., 1992)
were calculated as follows:
FECR = (1 − T2/C2) × 100,
where T2 is the mean of FEC for each treatment group
after treatment and C2 is the mean FEC of the control
group after treatment. Sufficient efficacy of anthelmintics
was assumed if FECR was more than 99%, whereas anthelmintic resistance was considered extant if FECR was
less than 95% and the lower confidence bound was less
than 90%.
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The percentage of unhatched eggs was calculated. The
logarithmic function of the percentage of unhatched eggs
was used to determine half maximal effective concentration (von Samson-Himmelstjerna et al., 2009). Dose–response curves of anthelmintic resistance are not linear,
and various nonlinear functions have been used to model
curves (Demeler et al., 2010). An alternate approach is to
use grafted polynomials (Fuller, 1969), which have been
used to model nonlinear responses. The join point of the
2 slopes for the percentage of unhatched eggs was determined by a linear–linear grafted polynomial model (Gallant and Fuller, 1973; Shuai et al., 2003). Consequently,
the GLM procedure of SAS (SAS Institute Inc., Cary, NC)
was employed to estimate heterogeneity of slopes.

RESULTS AND DISCUSSION
Farm Animal Background
The overall objective of the recently conducted project
previously referenced was to increase resistance of small
ruminants to internal parasites, in particular Haemonchus contortus, through selection of dams from on-farm
measures and sire selection mainly based on a centralized
performance test with an artificial challenge of susceptible
Haemonchus contortus L3 larvae. At the beginning of the
test before administrating a larval challenge, it was necessary to eliminate all or most parasites present. However,
there were some individual animals for which this was very
difficult to achieve by use of recommended anthelmintic
dosages. This necessitated multiple dosages (i.e., ABZ administration every 12 h over 3 d for a total of 6 times) and
a combination (i.e., LEV at the final ABZ treatment) in
an attempt to reduce FEC to zero, with that realized for
most animals but some that only had FEC reduced to less
than 600 EPG. This provided an impetus for this study
and the expectation of considerable resistance and variation among farms. Such variation can be caused by many
factors such as dosage and frequency of administration,

stocking rate, presence of refugia, and introduction of new
animals on farms (Waller, 1997; van Wyk, 2001; Howell
et al., 2008).

FECRT
The random allocation of animals to treatments resulted
in various levels of pretreatment FEC, but there were no
differences within farms (Table 2; P > 0.10). Because there
are different equations to calculate FECR and a most appropriate method has not been agreed upon (Mejia et al.,
2003; Cabaret and Berrag, 2004; Peña-Espinoza et al.,
2014; Goolsby et al., 2017), some others were evaluated.
These included use of (1) pre- and post-treatment values
only (Kochapakdee et al., 1995), (2) pre- and post-control
group means (Dash et al., 1988), and (3) logarithmically
transformed values (Mejia et al., 2003). Naturally, there
were some differences in the presence of anthelmintic resistance based on the various FECR and lower confidence
bound, but values were similar among the equations (P
= 0.43 and 0.50 for FECR and lower confidence bound,
respectively).
Considerable resistance to EPM was detected, with consistently lower FECR than for other products at each farm
(Table 3), as well as for MOX at G1 (15, 200 and 90
EPG, and 50% for the number of animals tested, FEC
before and after treatment, and FECR, respectively). This
was true even for farms not reporting any previous use of
EPM or MOX (i.e., S1 and S3 farms). Hence, efficacy of
macrocyclic lactone products in the southcentral United
States may be low, which agrees with other reports for the
southeastern (Miller and Craig, 1996; Zajac and Gipson,
2000; Howell et al., 2008; Goolsby et al., 2017) and midAtlantic regions of the United States (Crook et al., 2016).
In this regard, Howell et al. (2008) indicated that a general lack of biosecurity, frequent farm introduction of new
animals, insufficient quarantine procedures, and a failure
to treat arrivals with effective anthelmintics all contribute to increasing anthelmintic resistance. It is also notable

Table 2. Number of animals tested and fecal egg count arithmetic mean before and after treatment (eggs/g) by farm and
treatment group in a fecal egg count reduction test conducted in the southcentral United States
Control

ABZ2

EPM2

LEV2

Farm1

No.

Before

After3

No.

Before

After3

No.

Before

After3

No.

Before

After3

G1
G2
S1
S2
S3

15
14
10
15
20

413
4,689
2,124
740
2,620

180
2,754
4,670
1,120
879

15
14
9
15
20

310
2,843
3,568
110
3,793

30
932
706
17
125

17
13
9
15
20

134
2,342
1,250
783
2,101

74
1,950
5,598
440
765

14
13
9
16
20

521
2,523
672
559
1,927

46
788
19
34
33

G1 = Kiko goat farm in Kansas; G2 = Spanish goat herd of Langston University, Oklahoma; S1 = Katahdin sheep farm in
Arkansas; S2 = Dorper sheep farm in Missouri; and S3 = St. Croix sheep farm in Missouri.
2
ABZ = albendazole; EPM = eprinomectin; LEV = levamisole.
3
Samples after treatment were collected at 7 to 8 d after anthelmintic treatment.
1
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Table 3. Percentage of fecal egg count reduction and 95% CI by treatment on collaborating farms in the southcentral United
States
ABZ2
Farm1
G1
G2
S1
S2
S3

FECR,3 %
83.3
66.2
85.0
98.5
85.8

EPM2

95% CI, % S or R4
68 to 98
43 to 89
67 to 103
95 to 102
72 to 100

R
R
R
R

FECR,3 %
59.2
29.2
−19.1
60.7
13.0

LEV2

95% CI, % S or R4
36 to 82
−9 to 67
−110 to 72
9 to 113
−113 to 139

R
R
R
R
R

FECR,3 %
74.2
71.4
99.6
96.9
96.2

95% CI, % S or R4
61 to 87 R
54 to 88 R
99 to 100 S
93 to 101
92 to 101

G1 = Kiko goat farm in Kansas; G2 = Spanish goat herd of Langston University, Oklahoma; S1 = Katahdin sheep farm in
Arkansas; S2 = Dorper sheep farm in Missouri; and S3 = St. Croix sheep farm in Missouri.
2
ABZ = benzimidazole; EPM = eprinomectin; LEV = levamisole.
3
FECR = fecal egg count (FEC) reduction rate (%) = (1 − T2/C2) × 100, where T2 is the mean of FEC for each treatment group
after treatment, and C2 is the mean FEC of control group after treatment (Coles et al., 1992).
4
S or R = sufficient efficacy or presence of anthelmintic resistance.
1

that resistance to macrocyclic lactones was detected with
sampling at 7 to 8 d even though Coles et al. (2006) recommended 14 to 17 d.
Levamisole exhibited sufficient efficacy on S1 and was
effective on the other sheep farms as well based on the
FECR (i.e., S2 and S3; Table 3). There was resistance to
ABZ on G1, G2, S1, and S3 farms. Multiple anthelmintic
resistance existed to all 3 of the anthelmintic types on G2.
It was somewhat surprising that there was no resistance to
ABZ and LEV on S2 because animals on the central performance test from that farm and G2, as expected, were
more difficult to reduce FEC compared with others. However, this could have involved the unplanned separation of
S2 farm animals in a barn and fasting for 14 h preceding
the initial sampling of feces (Fleming et al., 2006). Moreover, because regular or occasional anthelmintic treatment
generates development of anthelmintic resistance, the accuracy of information about anthelmintic usage based on
interviews and regular conversations could be involved in
such unanticipated findings. Furthermore, Cabaret and
Berrag (2004) suggested an initial FEC EPG of more than
300 and at least 10 animals to be tested for reliable evaluation of FECRT, which suggests that the FECR of EPM
on G1 and ABZ on S2 might be underestimated.

wells for these farms, and consequently, test sensitivity
may have been affected.
Differences in the percentage of unhatched eggs among
drug concentrations were found for the S2 farm (P <
0.01), with greater values at the highest levels (≥0.005
μg/mL). There were similar differences for S3, with lower
values than for S2 at the increased drug concentrations
(≥0.05 μg/mL). Results from the in vitro EHT somewhat
agreed with results of the in vivo FECRT on S1 and G1
farms, with presence of resistance to ABZ and adequate
efficacy on S2. In contrast, potential effectiveness of ABZ
based on the EHT was found for S3.
There was a drastic change in the percentage of unhatched eggs at ABZ concentrations between 0.005 and

Egg Hatch Test
Eggs from susceptible larvae in the control well had
a hatch rate of 96% (Figure 2). The percentage of unhatched eggs increased with increasing drug concentration. The percentage of unhatched eggs was similar (P >
0.10) among the control and drug concentration groups
for G1 and S1. The presence of ABZ resistance on G1 and
S1 farms is in accordance with FECRT results. However,
the recommended number of eggs (i.e., 30–50 eggs per
well; Robles-Pérez et al., 2014) was not achieved in some

Figure 2. Mean percentages and SEM of unhatched eggs by
farm in different concentrations of albendazole diluted in dimethyl
sulfoxide (DMSO) solutions after 48 h of incubation in the egg
hatch test. The drug concentration 0 μg/mL contained DMSO
solution without drug and control wells containing suspended
eggs only. G1 = Kiko goat farm in Kansas; S1 = Katahdin sheep
farm in Arkansas; S2 = Dorper sheep farm in Missouri; and S3 =
St. Croix sheep farm in Missouri.
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0.05 μg/mL where a threshold was expected at which embryonation would be interrupted and hatching would be
prevented (Robles-Pérez et al., 2014). More specifically,
the statistically defined dose (i.e., join point) where the
drug sensitivity occurs was 0.002, 0.237, 0.001, 0.057, and
0.001 μg/mL for eggs from susceptible larvae, G1, S1, S2,
and S3, respectively. Correspondingly, the slope of the percentage of unhatched eggs with relatively high drug concentrations (i.e., greater than 0.005 μg/mL) differed (P <
0.01) among farms, whereas the slope for lower drug levels
was similar among farms (P = 0.29). Also, the half-maximal effective concentration was 0.024, 0.003, 0.000, 0.009,
and 0.008 μg/mL for eggs from susceptible larvae, G1,
S1, S2, and S3, respectively. These results suggest that a
greater range of drug concentration would be required to
determine the degree of ABZ resistance in small ruminant
parasites in the southcentral United States than drug concentrations (i.e., 0.01 to 0.5 μg/mL) of the standardized
procedures of EHT recommended by Coles et al. (2006)
and von Samson-Himmelstjerna et al. (2009).

IMPLICATIONS
Resistance to commercially available anthelmintics was
evaluated through in vivo FECRT and in vitro EHT at 5
farms in the southcentral United States producing Katahdin, Dorper, and St. Croix sheep and Kiko and Boer goats.
The low efficacy of macrocyclic lactone anthelmintics was
detected by FECRT on all farms. Levamisole had sufficient efficacy on sheep farms. Resistance to all 3 anthelmintic groups was found on one of the goat farms. There
was resistance to ABZ on all but one sheep farm based on
both FECRT and EHT. Despite considerable educational
efforts and development of alternative strategies to control
internal parasites of sheep and goats, anthelmintic resistance remains a serious issue in the southcentral United
States, varies considerably among farms, and is difficult
to characterize based on information conveyed by farmers.
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Abbreviations
Abbreviations to be used without prior definition in The Professional Animal Scientist
AA

ACTH

amino acid(s)

adrenocorticotropic
hormone
ADF
acid detergent fiber
ADFI
average daily feed intake
ADG
average daily gain
ADIN
acid detergent insoluble
nitrogen
ADL
acid detergent lignin
ADP
adenosine diphosphate
AI
artificial insemination
ANOVA analysis of variance
AOAC Association of Official
Analytical Chemists
ARS
Agricultural Research
Service
ATP
adenosine triphosphate
avg
average (use only in tables,
not in the text)
B cell
bursal-derived, bursalequivalent derived cell
BCS
body condition score
BHB
β-hydroxybutyrate
BMP
best management practices
bp
base pair
BQA
Beef Quality Assurance
BSA
bovine serum albumin
BUN
blood urea nitrogen
BW
body weight
cal
calorie
cDNA complementary DNA
cfu
colony-forming units
CI
confidence interval
CIE
International Commission
on Illumination (Commission Internationale
d’Eclairage)
CoA
coenzyme A
CP
crude protein
cpm
counts per minute
CV
coefficient of variation
DCAD dietary cation-anion
difference
DE
digestible energy
df
degree(s) of freedom
DHI
Dairy Herd Improvement
DIM
days in milk
DM
dry matter
DMI
dry matter intake
DNA
deoxyribonucleic acid
DP
dressing percentage
EAA
essential amino acid(s)
EDTA ethylenediaminetetraacetate

EFA
ELISA

essential fatty acid
enzyme-linked immunosorbent antibody assay
EPD
expected progeny difference
Exp.
experiment
Ext.
Extension
FCM
fat-corrected milk
FFA
free fatty acid
FSH
follicle-stimulating hormone
g
gram
g
gravity
GE
gross energy
G:F
gain-to-feed ratio
GLC
gas-liquid chromatography
GLM
general linear model
h
hour
heritability
h2
HCW
hot carcass weight
HPLC high-performance (highpressure) liquid
chromatography
i.d.
inside diameter
Ig
immunoglobulin
IGF
insulin-like growth hormone
i.m.
intramuscular
i.p.
intraperitoneal
IU
international unit
i.v.
intravenous
IVDMD in vitro dry matter
disappearance
kb
kilobase pair(s)
kDa
kilodalton
KPH
kidney, pelvic, heart fat
L
liter
50% lethal dose
LD50
LM
longissimus muscle
m
meter
µ	micro
M
molar
ME
metabolizable energy
MHC
major histocompatibility
complex
min
minute
mo
month
mRNA messenger ribonucleic acid
MS
mean square
MUFA monounsaturated fatty acid
N
normal
n
number of observations
NDF
neutral detergent fiber
NE
net energy
net energy for gain
NEg
net energy for lactation
NEl
net energy for maintenance
NEm

NPN
NRC
NS
o.d.
OM
PAGE
PBS
PCR
PUFA
QG
r
R2
RDP
RIA
RNA
rpm
RUP
s
s.c.
SCC
SD
SDS
SE
SEM
SFA
SNP
T cell
TDN
TME
TMEn
TMR
Tris
TSAA
USDA
UV
VFA
vol
vol/vol
wk
wt
wt/vol
wt/wt

X

YG
yr

nonprotein nitrogen
National Research Council
not significant
outside diameter
organic matter
polyacrylamide gel
electrophoresis
phosphate-buffered saline
polymerase chain reaction
polyunsaturated fatty acid
quality grade
correlation coefficient
coefficient of multiple
determination
rumen-degradable protein
radioimmunoassay
ribonucleic acid
revolutions per minute
rumen-undegradable
protein
second
subcutaneous
somatic cell count
standard deviation
sodium dodecyl sulfate
standard error
standard error of the mean
saturated fatty acid
single nucleotide
polymorphism
thymic-derived cell
total digestible nutrients
true metabolizable energy
nitrogen-corrected true
metabolizable energy
total mixed ration
tris(hydrozymethyl) aminomethane
total sulfur amino acids
United States Department
of Agriculture
ultraviolet
volatile fatty acid
volume
volume to volume
week
weight (use only in tables)
weight to volume
weight to weight
mean
yield grade
year

